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I. INTRODUCTION

Molecular composites are attractive structural materials owing to

the potential for improvements in fracture and impact toughness over con-

ventional fiber reinforced composites. 1 - 3 These experimental materials

are combinations of rigid chain polymers that function as the reinforce-

ment and flexible polymer molecules that serve as the matrix materials.

It is well recognized that the ability of rigid rods to reinforce a matrix

is enhanced as the aspect ratio of the rods increases.4 By analogy, in a

blend of rigid-rod and flexible polymers the properties would be expected

to improve as the rod phases approach molecular diameters. What militates

against achievement of molecular dispersion is that the rigid-rod polymers

are usually processed from semidilute solutions. In the process of

coagulation from these solutions, the solvent must be removed and in so

doing, the polymer blend passes through stages of increasing concentration

since the fluid in the coagulation bath is a non-solvent. Early in this

process the thermodynamics of the solution dictate that the rigid-rod

polymer will undergo phase separation. 5 A large growth of the rod-phase

diameter is to be avoided during this period, perhaps by relying on the

generally high viscosity of the solutions. The expectatipn is that the

dimensions normal to the chain axes of the rigid-rod phase will be



kinetically determined and thus will likely be dependent on the processing

history. Therefore, it is important to be able to measure the narrower

dimensions of the rigid-rod domains.

A number of exploratory materials of this sort have been developed

and evaluated for mechanical properties. 3 , 6  A wide range of properties

have been found in these materials which may be related to variability in

structure, in particular, the degree to which the rigid rod polymers are

dispersed in the flexible polymer matrix.

Characterization of the degree to which the components of molecular

composites are mixed has been difficult by standard methods. In the pres-

ent work we examined the potential of solid state nuclear magnetic

resonance (NMR) and fluorescence spectroscopies to measure this quantity.

The major effort in the present work was on solid state NMR. It was not

our purpose to undertake any systematic correlation of processing history

with domain size. Our effort was restricted to analyzing a few samples to

see if solid state NMR and fluorescence techniques could provide informa-

tion on domain sizes. Although the work was only exploratory we concluded

that spectra obtained by both methods were sensitive to aggregation of the

rigid rod polymer component.

Two additional techniques were examined for potential to measure

other aspects of both rigid rod polymers and their molecular composites.

Electron spin resonance (ESR) studies were conducted on two developmental

fibers of the heterocyclic polymer poly(phenylenebenzobisthiazole)(PBT).

The object of the ESR study was to determine if free radicals were gener-

ated during mechanical deformation and rupture. High pressure x-ray dif-

fraction measurements of PBT were carried out to investigate possible

solid-solid phase transitions that may be relevant to processing and ulti-
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mate use properties. The general conclusions reached in high pressure

x-ray and ESR investigations were that data may be obtained which were

unavailable by other methods, and that further work may lead to an better

understanding of the processing and performance of rigid rod polymers.

II. SOLID STATE NUCLEAR MAGNETIC RESONANCE

NMR is not a direct imaging technique for measuring domain sizes of a

few nm in spite of the publicity received by medical NMR imaging. The

observables of NMR in solids are usually sensitive to very local struc-

tural characteristics such as magnetic dipole-dipole interactions between

nuclei (range of sensitivity usually less than .4 nm), chemical shifts (a

property of the electronic structure of the molecule), and the motional

dynamics (principally rotations) of the molecules. To probe dimensions

larger than, say, 0.5 nm requires less direct approaches than those

associated with direct NMR observables.

With the perspective of the foregoing paragraph, it is easy to under-

stand that the NMR methods are strong candidates for testing the intimacy

of mixing in a polymer blend if the mixing actually occurs at the molecu-

lar level. This is the so-called miscible blend, or in the case of the

materials studied here, if the kinetics of phase separation are extremely

sluggish, a 'molecular' composite. On the other hand, if domain sizes are

of dimensions substantially larger than molecular dimensions, then it is

expected that one would have to resort to indirect approaches to estimate

domain sizes. For the latter case, the property of the abundant proton

spin system in a solid called 'spin diffusion' can be used to probe di-

mensions larger than 0.5 nm. This property of the spin system, which will

be described more fully, is analogous to heat conduction. In the presence

of gradients of magnetization (analogous to gradients of temperature), the

3



dimensions of the domains can be inferred from the rates of

reequilibration. It is clear that a fundamental requirement for conducting

the spin diffusion experiment is the ability to distinguish between NMR

signals belonging to each of the polymer components of a blend.

Before proceeding further, it is appropriate to give some

definitions and NMR background information that will be essential to the

understanding of the experiments and their interpretations. For more

details than given here the reader is referred to comprehensive treatises

on NMR. 7 ,8 , 9

A. Definitions and NMR Background

1. Dipolar interaction: This is the dominant interaction in the

solid state. A nucleus with a non-zero spin such as a proton or a C-13

nucleus senses the local magnetic field of nearby spins. The strength of

this interaction is proportional to the inverse cube of the distance sepa-

rating the spins and to the angular function (3cos 2 e-1) where e is the an-

gle between the internuclear vector direction and the static magnetic

field. The first order (secular) Hamiltonian for the dipolar interaction

between two nuclei depends on whether the two spins in question are like

or unlike spins. Basically, the interaction between like spins includes

an exchange term (not present for unlike spins) that, for example,

produces a coherent exchange between the states Ii(+)I2(-) and Ii(-)I2(+)

in an isolated two-spin system. The exchange term provides the basis for

understanding the process of spin diffusion alluded to in the previous

section, because in a typical organic solid, spins are not isolated in

pairs but are coupled, one to another, in a very extended fashion. The

magnitude of the dipolar interaction is typically 20-60 kHz for

proton-proton interactions and 10-20 kHz for directly bonded C-13-proton



interactions. Isotropic molecular tumbling plus translational diffusion

averages out the dipolar interactions in liquids so that the NMR

linewidths of liquids are much smaller than those of solids.

2. Chemical shift and chemical shift anisotropy: In liquids, the

isotropic chemical shift is the parameter which makes NMR so useful as an

analytical tool. The electrons around a nucleus shield the nucleus to a

very small extent and alter the applied magnetic field. The shielding is

a function of orbital hybridization and the nature of the chemical

substituents bonded to that atom. Because lines are very narrow in

liquids, small shifts are easily detected. The range of shifts for

protons in liquids is approximately 10 ppm. The corresponding shift range

for C-13 is 200 ppm. Thus, it is clear that C-13 spectra are more

sensitive to small electronic changes. In the solid where fast molecular

motions are often absent, or at least anisotropic, the chemical shift

broadens resonances significantly due to the tensorial nature of the

interaction. In other words, since the electronic cloud around a nucleus

is generally not spherically symmetric, neither is the shielding for dif-

ferent orientations of the magnetic field with respect to the molecular

,axes. Thus, a single chemical site in a spectrum of a powder sample will

be broadened according to this tensorial chemical shift interaction. The

tensor describing this interaction is a second rank tensor and the result-

ing width of the "powder" resonance due to this effect is called the

chemical shift anisotropy. Values for the chemical shift anisotropies of

protons are typically in the 4-8 ppm range except for H-bonded protons.

Anisotropies for C-13 nuclei are typically 30-50 ppm for carbons with

tetrahedral bonding and 150-250 ppm for most other kinds of carbons. 9

Therefore, even in the absence of the strong dipolar couplings in solids,
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a difficult spectral overlap problem would exist due to chemical shift

anisotropy, if several chemical sites were present. Magic angle spinning

addresses this problem.

3. Magic angle spinning: In principal, this method takes advantage

of the fact that both the dipolar and chemical shift interactions are sec-

ond rank tensors of order zero, defined with respect to the static mag-

netic field (Bo) direction. If spinning is fast with respect to both of

the interactions, it is easy to show mathematically that when a sample

spinning axis is oriented such that it makes an angle (54044"=arctan V2)

with respect to Bo, then both the dipolar and chemical shift interactions

are averaged to zero. In practice, magic angle spinning (MAS) is usually

too slow to average the strong dipolar interactions, but it does a good

job on the chemical shift interactions. In fact, for the latter interac-

tion one need not spin faster than the interaction in order to see a reso-

nance at the isotropic chemical shift. However, if spinning is slower,

then other absorptions called spinning sidebands appear, displaced from

the central resonance position by the spinning frequency.

4. Magnetization: The magnetization is the population excess in a

given spin state relative to another spin state. NMR signals arise from

population differences between energy levels connected by the magnetic di-

pole operator, Ix, where the x axis is defined to be perpendicular to the

static field (z) direction. The energy levels giving rise to these popu-

lation excesses have energy differences in the millidegree Kelvin range.

Thus, the population differences at ambient temperatures are of the order

1 1 in 105. As a result, the NMR signals are usually quite weak, par-
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ticularly for C-13 since its isotopic abundance is only 1.1%. (Protons

are 100% naturally abundant.) Computer-aided signal averaging is the

usual method for enhancing signal-to-noise ratios.

5. Quantization axis: This is the axis along which magnetization is

directed, or the axis whose magnetic field defines the energy level of

the spin system. Normally this is the static field direction. However,

the application of a strong radio frequency field, on resonance, can

quantize the spins along the rf field, which is generally referred to as

B1.

6. Relaxation: This is the process by which a non-equilibrium

magnetization returns to its normal Boltzmann population. Relaxation is

generally determined by the characteristics of molecular motion. TI is

the time constant for reequilibration along Bo. It is determined by

motions whose components lie in the mid-MHz range, near the resonance

frequencies of the nuclei themselves. T1p is the time constant for

reequilibration of populations quantized (or 'locked') along B1 . Since

these energy levels are separated by spacings about three orders of

magnitude less than those along Bo, this relaxation is sensitive to

motions about three orders of magnitude slower, i.e. the mid-kHz range.

(It is important to recognize that in a solid where motions are

typically slow, the presence of motions with components in the kHz range

is much more likely than motions with components in the MHz range,

therefore, T1 p is generally much shorter than T1 .) Typical ranges for T,

in solids are 0.1-I000s, and for Tip 0.1-1000 ms. The relaxation time T2

is not a relaxation time associated with energy levels. It is a

description of the time constant for the persistence of magnetization in

the observation plane of detection (normal to Bo). As such, in a solid it

7



is often inversely proportional to the dominant interaction experienced

by the nucleus being observed, e.g. the dipole-dipole interaction or the

chemical shift interaction. Finally, the time constant Tlxz is the time

constant for relaxation under multiple pulse (see below). It is very

similar to T1P in its sensitivity to motion, but in a system whose

inhomogeneities of structure have dimensions of a few nm, Tixz is quite

distinct from Tip since spin diffusion is quenched in a Tlxz experiment,

while it proceeds apace in a Tip experiment.

7. Multiple pulse sequences: These are sequences of strong,

closely-spaced rf pulses which are accompanied by stroboscopic observation

in a certain time 'window' in each pulse cycle. Even though the spins are

following very complicated trajectories during the application of such se-

quences, this stroboscopic observation verifies that during such se-

quences, like spins are decoupled from one another with respect to their

dipolar couplings. Since no dipolar couplings exist during this period,

no spin diffusion occurs either, because spin diffusion is a property of

dipolar-coupled spins. The chemical shift is scaled but is not zero under

multiple pulse, so this provides a way to monitor chemical shifts of pro-

tons while suppressing the strong dipolar interactions. Also, as men-

tioned earlier, if the magnetization is 'locked' under multiple pulse so

that relaxation can be monitored, the relaxation time, T1xz, reflects the

motions of individual spins, not complicated by spin diffusion.

8. Spin diffusion: This is the process of magnetization transport

between like spins in the presence of a magnetization gradient. 8 In this

paper spin diffusion will refer mainly to proton-proton spin diffusion.

The basis for the process is the existence of dipolar couplings in an or-

ganic system. Moreover, it is also assumed that the entire solid is a cou-

8



pled network in that there are no islands of spins isolated by barriers.

The coupling of each spin to several others allows one to approximate the

spread of magnetization by means of diffusion equations. It is known that

spin exchange is by no means a random process so that on a microscale (a

scale of molecular dimensions) it is probably inappropriate to speak of

diffusion, yet because of the many-body nature of the spin-spin

interactions, the diffusion equations are a good approximation. In order

to use the concept of spin diffusion to obtain domain size information it

is necessary to estimate the diffusion constants appropriate to any given

system. Quite a bit of work has been done on the n-alkane system both ex-

perimentally and theoretically leading to a calculated diffusion constant

of 6.2x10- 1 2 cm2 /s. 1 0 In systems of lower proton density such as the PBT

system it might reasonably be expected that the diffusion constant, D,

will scale as the proton concentration to the (-1/3) power. Thus, a dif-

fusion constant of 4x1O-1 2 cm2 /s would seem appropriate for PBT. The pres-

ence of molecular motion tends to reduce the dipolar couplings and also D.

However, in the limit of very small residual dipolar couplings resulting

from molecular motion, the residual dipolar linewidth may lead to an un-

derestimate of D since other relaxation mechanisms can contribute to

spin-exchange if motions are not too much faster than the dipolar interac-

tion strength for a rigid lattice.

Spin diffusion proceeds most efficiently when the spins are quantized

along Bo. By comparison, the diffusion constant describing diffusion when

the magnetization is quantized along a large, resonant BI field is half

as big. Spin diffusion is quenched altogether during the application of

multiple pulse sequences.
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The observation of spin diffusion effects requires that magnetization

gradients be established within the system. The production of such gradi-

ents requires some kind of inhomogeneity to be present in the system. For

example, in a phase-separated polymer blend, one phase may be more mobile

than the other. Thus, relaxation should be more efficient in one phase

than the other. Consequently, as relaxation proceeds, gradients would

tend to appear. Spin diffusion would then tend to resist the establish-

ment of strong gradients in a mixed system. With diffusion constants in

the range quoted above, we can estimate the distances over which proton

magnetization might propagate in times characteristic of TI or Tip. A

formula which can be used to estimate a mean squared displacement, 1 1 x, is

x2 = 2Dt (1)

where t is the diffusion time. This formula follows from the solution to

the diffusion equation for an instantaneous 6-function distribution of

proton magnetization. For t= Ims, x values are in the range 0.9-1.1 nm;

for t= Is, x values are in the range of 28-35 nm. So in a phase separated

system whose smallest domain dimensions might be 3-8 nm, typical

equilibration times will be in the range of 2 to 20 ms. It should be

noted that the process of spin diffusion (based on spin exchange)

conserves total magnetization. The observation of spin diffusion is best

carried out when other sources of magnetization change are negligible.

Other sources involve the various relaxation mechanisms. It is apparent

that for a given temperature and chemical system, the best case is to let

spin diffusion develop while the magnetization is quantized along Bo. In

10



this case, only the relatively inefficient T1 processes interfere. If T1

is much longer than the equilibration times, all changes in the

magnetization levels within different regions can be attributed to spin

diffusion rather than relaxation.

9. Cross-polarization: This is the process (abbreviated CP) in which

unlike spins which are dipolar-coupled to one another can transfer

magnetization from the spin system of higher order to that of lower order.

In this paper the method is the so-called spin-lock1 2 CP in which

strong resonant rf fields are applied to the proton and C-13 spin systems.

The magnetization is initially ordered along the proton rf field and then

part of this order is transferred to the C-13 nuclei in a level crossing

experiment. The net result is that when the so-called Hartmann-Hahn con-

dition is fulfilled1 3 , the carbons respond as if they were protons. In

this process, the total order is redistributed by spin diffusion among the

carbons and the real protons. In this way, the carbons gain a polariza-

tion approximately four times larger than their corresponding Boltzmann

polarization. Two important advantages arise out of the use of the CP

method: first, signal enhancement and second, the carbons (with their

greater resolution in the solid state) can be used to monitor the local

proton magnetization. The disadvantage of the method is that cross-polar-

ized C-13 signal strengths can be distorted. The reasons for these varia-

tions are manifold, 1 4 but some of the more common ones are unequal THj's

in a sample, differences in CP efficiencies between protonated and

unprotonated carbons (the necessary dipolar couplings are weaker for the

latter), and nearly isotropic motion in some regions of a sample (giving

very weak dipolar couplings). In a polymer system below the glass transi-

tion temperature, the principal source of intensity distortion is the dif-
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ference in efficiencies between protonated and unprotonated carbons. It

usually takes about 200-500 ps to generate full intensity for a protonated

C-13 signal and about 1-3 ms for an unprotonated C-13 signal. 1 5

10. Pulse sequences: This term describes the choice of timing

intervals, rf phase, rf pulse lengths, and observation window in a given

experiment. Pulse sequences are the core of the versatility of the NMR

methodology. Since NMR signals are detected in a phase-coherent way, the

magnetization can also be manipulated correspondingly. Multiple pulse

sequences and cross-polarization sequences have already been alluded to.

These and other echo sequences will be described in more detail in the

experimental section.

11. High Power Proton Decoupling. This term refers to the

application of very strong, usually resonant rf fields (BI) applied to the

protons in order to eliminate dipolar coupling between protons and another

kind of nucleus, e.g., C-13. The B1 fields must usually be several times

the average local proton dipolar fields in order to be effective. The

observation of C-13 signals in solids is most often carried out in the

presence of such proton decoupling in order to measure the chemical

shifts of the C-13 nuclei without interference from the large proton -

C-13 dipolar interaction.

B. Experimental

1. Materials

All materials were supplied by the Air Force Materials Laboratory.

As noted before, the nature of this investigation was to explore the NMR

methods and not investigate the materials in a systematic way. The samples

in the order in which they were received were as follows:
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Sample A: PBT film, Celanese #31023-41-5, heat-treated and oriented.

Sample B: PBT sheared film-D4 unoriented. This film is deuterated on the

phenylene ring. No heat treatment was indicated.

Sample C: ABPBI film, "heart cut", unoriented.

Sample D: ABPBT fiber #021683 as spun and oriented.

Sample E: 30%PBT/70%ABPBT molecular composite film, unoriented.

Sample F: 30%PBT/70%ABPBI molecular composite film.

Sample G: Heat treated PBT fiber, Celanese (AFTECH I).

Sample H: Heat treated PBT fiber, DuPont (AFTECH II).

Sample I: 40%Nylon(Zytel 42-DuPont)/60%PBT film (from W.-F. Hwang),

coagulated out of methane sulfonic acid (MSA) at room

temperature, washed in water with pH monitoring, compression

molded at 2550 C.

Sample J: 30%PBT/70%ABPBI stretched 2x during coagulation out of MSA into

water.

Sample K: ABPBI film stretched 2x during coagulation out of MSA into

water.

Sample L: 30%PBT/70%ABPBI coagulated from MSA at a concentration where the

PBT is expected to have phase separated prior to coagulation.

This sample will be referred to as the phase separated

composite. The appearance of this sample was very inhomogeneous

in color, varying from light to dark brown and the homogeneity

of composition was not investigated.

Sample M: Nylon Zytel 101 (DuPont via W.-F. Hwang); molded into a plate

about 6 mm thick.

Sample N: PBT film coagulated into water from MSA, washed thoroughly in

water, and dried.
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Sample P: PBT film coagulated into water from MSA (but not washed) and

dried.

Sample Q: Nylon 66 pellets from our laboratory; from Chemstrand.

2. Spectrometers

With the exception of a few C-13 MAS spectra, all data were taken on

a Bruker CXP-200 spectrometer 1 6 operating at a static field of 4.7T

(200.05 MHz for protons, 50.305 MHz for C-13). The probe used for proton

observation was a low-Q probe employing damping resistors. The recovery

time of the probe following pulse excitation was 2 Vs. The rf field

strength for most of the proton experiments was 125 kHz (2 ps 901 pulse);

TH1 experiments were usually carried out at a reduced level of 83 kHz.

The multiple pulse experiments were carried out at an rf field of 166 kHz

(a 1.5 microsecond 900 pulse). The samples for the proton observation

were 5 mm OD.

The C-13 spectra were taken either in an 8 mm non-spinning cross-po-

larization probe or in a MAS probe purchased from Doty Scientific16 of Co-

lumbia, S.C. In these cross-polarization experiments, the rf field

strengths were matched at approximately 72 kHz. Spinning rates for MAS

were limited mainly by inability to get a well-balanced sample into the

rotor. Spinning rates were typically in the range of 2.5-3.5 kHz.

In order to obtain sideband-free spectra, a non-commercial spectrometer

operating at 15.08 MHz for C-13 and 60.0 MHz for protons was used for a

few MAS experiments. Rf field strengths were matched at 58 kHz, spinning

frequencies were 2.2 kHz, and the rotor OD was 8 mm.
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3. Pulse Sequences and Their Rationale

Spin 1/2 nuclei, such as C-13's or protons, precess in the presence

of an applied magnetic field, and they do so around the axis defined by

that field and at a rate given by YB where Y is the gyromagnetic ratio and

B is the magnetic field strength. In the usual NMR experiment, precession

occurs about the static field, Bo, and will in addition, occur about a

strong rf field, B1 , applied near resonance. For a sample equilibrated in

the presence of Bo, macroscopic magnetization only exists along Bo; how-

ever, NMR detectors can only detect precessing magnetization which re-

quires a magnetization transverse to Bo. In the simplest case where the

magnetization is to be measured along B0 , it is necessary to cause some

projection of the magnetization normal to Bo so that precession can be ob-

served. This is accomplished by the application of a short, resonant, rf

pulse which directs the magnetization away from Bo into the so-called ob-

servation plane. Using the convention that the z direction is defined to

be the direction Bo, a rotating frame coordinate system is defined which

rotates about this z axis at the frequency of the applied rf. In this ro-

tating frame, mutually perpendicular x and y axes are defined (the z axis

still lies along B0 ) along directions normal to Bo. Along these axes the

applied rf field is stationary. This rotating frame is the basis for the

nomenclature 9 0 0 i, Pi (i=±x,±y) where a number (e.g. 900) refers to an rf

pulse which causes magnetization to precess through an angle of that num-

ber of degrees (e.g. 900). The subscript refers to the direction in the

rotating frame defined by the phase of the rf; thus a 90%x pulse is ap-

plied with an rf phase 900 different from a 900y pulse and 1800 different

from a 9 0 0-x pulse. Finally, a Pi pulse is a pulse whose phase only is

specified.
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Observation of z magnetization is usually accomplished with a single

900 pulse; the transient response is called a free induction decay (FID).

If sufficient time for population equilibration is allowed (at least 5

times TI), then the Fourier transform of this transient response is the

equilibrium spectrum (the 'M0o spectrum).

The pulse sequences used herein are often combinations of

subsequences and most of the subsequences used in this paper, along with

their rationale, follow:

1. [ 9 00x-•-1800y-T]; the sequences is referred to as a "Hahn echo"

sequence. 1 7 Magnetization, initially along Bo, is placed in the

observation plane and allowed to precess freely for a time T. Then a 1800

pulse is applied with a 900 phase shift and another free precession period

of duration T follows. At the end of this time an echo forms because all

contributions to the precession behavior due to interactions, (e.g. static

field inhomogeneity, resonance offset, chemical shift, and heteronuclear

dipolar couplings) which depend linearly on Iz, are exactly cancelled.

Only homonuclear dipolar interactions and true relaxation effects are not

cancelled. This sequence can be used to select magnetization from a

mobile proton species while suppressing signals from a broad,

dipolar-coupled resonance.

2. [ 9 0 x-r-9Oy-T1; This is a so-called dipolar echo. Instead of a

1800 pulse, as in the Hahn echo, a 900 pulse is applied. This pulse

refocusses homonuclear dipole-dipole interactions between two isolated

spins. However, since spins are usually coupled to more than one other

spin, T should be of the same order or less than the FID time of the

dipolar-coupled line in order to avoid excessive echo attenuation. This

sequence can be used to enhance magnetization from a material with weaker
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dipolar couplings when a second material with stronger dipolar couplings

is present. One drawback of this sequence is that the dipolar echo also

refocusses, to a large extent, those interactions refocussed by the Hahn

echo.

3. MREV-8 version of the multiple pulse cycle: 1 9 , 2 0 [T-Px-¶-Py-

2T-P-y--T-P-x-2-.-P~---Py-2--P-y-T-PX-T]. Successive application of this

cycle, where all Pi are 900 pulses, suppresses the homonuclear dipolar

interaction provided the pulses are short (typically 2ps or less) and T is

comparably short (usually less than 4ps). Magnetization is usually

prepared in a particular direction prior to applying the multiple pulse

cycles. As a result, magnetization may be either 'locked' along or

precess around the chemical shift axis which lies along the (101)

direction in the interaction frame called the toggling frame. Observation

of precession leads to a chemical shift spectrum under multiple pulse

(since dipolar interactions are eliminated). Observation of the locked

magnetization allows measurement of Tixz the relaxation time under

multiple pulse. 2 1 Observation of the magnetization is stroboscopic,

occurring once per cycle, usually in one of the 2T windows. The importance

of the multiple pulse technique for this discussion is that spin diffusion

is suppressed during the multiple pulse trains.

4. [ 9 0x-Py] This sequence is called a spin-locking sequence.

Initial z magnetization is rotated into the y direction by a 9 0 Ox pulse.

The Py pulse then "locks" this magnetization since both B1 and the

magnetization become colinear. The time constant for decay of locked

magnetization is defined to be T1 P.
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5. Spin-lock cross-polarization sequence. 1 2 This sequence is used

for transferring magnetization from one kind of nucleus (e.g. protons) to

another kind (e.g. C-13). Typically the sequence begins by spin locking

the protons. Then either coincident with the beginning of the Px pulse or

after some delay, a resonant carbon rf field of arbitrary phase is turned

on. During the period when both rf fields are present, C-13

magnetization, arising from proton (dipolar)-coupled carbons, grows along

the B1 direction of the C-13 rf. Growth (or transfer) is most efficient

when the precession frequencies about both the proton and C-13 rf fields

are equal; this is the so-called Hartmann-Hahn condition. 1 3 C-13 signals

are generally observed immediately after turning off the C-13 rf and with

PX on (high power proton decoupling).

The actual sequences employed in these studies will be referred to

explicitly if they differ from those discussed above. But these

subsequences form the basis of the other sequences.

C. Overview of the NMR Effort to Determine Level of Mixing

Aside from the limited supply of well characterized sets of samples,

our approach to this problem was, we believe, without prejudice in the

following sense: we allowed for the possibility that the polymer blends

would be mixed at a molecular level (because of kinetic considerations)

even though, as mentioned in the introduction, i.xie expectation was that

the polymers should tend to phase separate during coagulation.

If a polymer blend is really a "molecular composite," i. e. mixed on

a molecular level, then any long-range lateral order which the

, iopolymers might possess should be disrupted. Moreover, molecular
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mobilities should change relative to the homopolymer. In fact, the blend

should possess characteristics quite different from those of the

homopolymer.

From the NMR point of view, a molecular composite could

possess the following characteristics relative to its homopolymer

components:

a) Relaxation times would not be the superposition of the

homopolymer relaxation times. In fact, any relaxation parameter

measured in the presence of spin diffusion should give

homogeneous relaxation.

b) Proton linewidths (broadline) would not be superpositions of the

component homopolymer linewidths.

c) Order, as perceived, for example, in the 1 3 C MAS spectra would be

altered and probably produce broadening of previously sharper

resonances.

d) Any method for generating proton magnetization gradients between

the polymer components should lead to a quick disappearance (over

- 1 ms) of the gradients as soon as spin diffusion is allowed to

take place.

We anticipated from the outset that it would be difficult for the

PBT/ABPBI blend to separate spectrally individual resonances, owing to the

chemical similarity of the components. Therefore, particularly for this

system, we were interested in the possibility that certain of the criteria

(particularly a and b above) for intimate mixing might be applied. Thus,

it was clear that the homopolymers PBT and ABPBI had to be characterized.
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In studying the homopolymers, it became obvious that most of the

homopolymers were not pure in the sense that they contained mobile

protonated species (obvious candidates here are water and residual acid).

The mobile protonated species and their variable content made the applica-'

tion of criteria a and b quite meaningless because individual characteris-

tics of the blends component polymers were therefore not easily

determined.

We explored the possibility that if the mobile protonated species were

even weakly dipolar-coupled to the polymer then they could be used quall-

tatively to probe, via spin diffusion, the homogeneity of structure of the

composite, or even of the homopolymer. Several experiments were carried

out in which magnetization was transferred between mobile and less mobile

(polymer) protons. These experiments should also, in the case of the

homopolymers, have a bearing on whether impurities are trapped in inter-

stitial regions or distributed throughout the polymer.

The characterization of relaxation in these samples via multiple pulse

techniques, i.e. measuring Tixzs, was also examined since the Tixz meas-

urements allow protons to relax without spin diffusion. Thus, if the mo-

bile species are confined to the outside of domains, then perhaps the

relaxation of the polymer domains can still be determined.

The nylon/PBT composite offered many more options for investigating

the intimacy of mixing because differences in aliphatic and aromatic car-

bon resonances can be distinguished both with and without MAS. More-

ver, even 'broadline' proton spectra could be reasonably decomposed into

contributions from either species although recognition of the component

spectra is more definitive in the 13 C spectra. Thus, spin-diffusion ex-

periments could be carried out fairly well. Considerable effort was ex-
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pended in what was regarded as being the most definitive experiment,

namely, (a) create a magnetization gradient under multiple pulse using

Tlxz differences (no spin diffusion), (b) then let spin diffusion take

place for a variable time, and (c) finally cross-polarize to the 1 3 C nu-

clei to "read out" the status of the proton magnetization. The "read out"

phase was therefore not subject to doubt as to which polymer component the

magnetization was to be attributed to. What follows is a description of

the particular results orl the homopolymers and the composites and their

interpretation.

D. Results and Discussion

1. Proton Spectra from Free Induction Decays

Equilibrium ('M 0o) proton spectra for several of the original

samples are displayed in Figure 1. The four spectra (Figure IC-IF) in

particular showed a significant (30-65%) fraction of the total proton in-

tensity in a narrower line whose width ranges from 2-3.6 kHz. This narrow

line component did not always show a symmetric band shape. The apparent

dominance of the narrower line in the spectrum (Figure IF) of PBT-D4 is

attributable to the absence of protons on the phenylene ring. In con-

trast, the two oriented materials (Figure 1A and IB), each of which has

its preferred axis oriented along BO, possess a much smaller fraction of

narrow component. In the heat-treated PBT film (Figure IB), the outer

resonances, separated by 27 kHz, are associated with the two phenylene

proton pairs in the ortho-meta positions; the central line of similar

width is attributable to the two remaining protons on the benzobisthiazole

moiety. Since the benzobisthiazole protons are separated from one another

by approximately 0.50 nm, (while the phenylene proton pairs are only 0.25

nm apart) their 16 times smaller splitting (for Bo parallel to the
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chain axis) is masked by proton-proton dipolar interactions involving

other protons. There is a small fraction (1.2%) of narrow component (- 1

kHz in width) superimposed on the central polymer resonance.

The features of the ABPBT fiber spectrum (Figure 1A) are similar to

those of PBT. The smaller splitting of the resonance due to the ring pro-

tons can be qualitatively understood in that the three protons of the

monomer consist of one pair at adjacent sites on the benzene ring while

the third is more isolated on the same ring. Again the pair gives rise to

the wider spectral feature, but since the polymerization linkages are not

colinear as they are in PBT, the proton pair in an oriented (along Bo)

ABPBT chain does not have its H-H vector lying along Bo as it does in PBT.

Therefore, the dipolar interaction is smaller (23.1 kHz). The central

resonance feature is primarily due to the third proton but the peaked

shape of this resonance indicates some minor portion of a more mobile pro-

ton species. None of the samples in Figure 1 was sealed in vacuum; all

were exposed to ambient humidity which ranged from 35-50%.

Although we were first unaware of it, ABPBI is very hygroscopic. ABPBI

will take up as much as two molecules of water per monomer unit. 2 2 So we

decided to compare the spectrum of Sample C, the "heart cut" ABPBI both

before and after vacuum drying. Figure 2 shows the proton spectra before

(solid lines) and after (dashed lines) drying for 30 minutes in vacuum and

sealing. Although the samples were the same and the probe was properly

tuned for each sample, the total intensity after drying fell to 79% of the

original. Concurrent with this was a general broadening of the spectrum,

including the originally broader polymer resonances; in addition, a small

impurity resonance became visible. Thus, we conclude that evacuating the

sample removed some 21% of the total protons (probably in the form of
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volatile water) and that the polymer resonances broadened. The reason for

the latter could be two-fold. First, the amino proton could be in rather

rapid proton exchange with the available water protons which in turn may

be rapidly (on the timescale of dipolar interactions which is approximate-

ly 10- 5 s) moving through the lattice. Removal of the water would then

cause these amino protons to remain fixed, thus increasing the dipolar

broadening of all non-exchanging polymer proton resonances. From Figure

2, however, the strength of the broadening coupled with the relative iso-

lation of the amino proton from the ring protons, suggest that in the hy-

drated form, the ABPBI is also more mobile so that molecular motion

averages part of the dipolar interaction. When water is removed, the

chains become more rigid. It is concluded from these observations that

water was intimately mixed into the ABPBI which was equilibrated with am-

bient relative humidity. Sample F, the composite of PBT and ABPBI, was

also evacuated and sealed. The narrow fraction fell from about 46% to 12%

of the total intensity.

It is not obvious from the narrower resonance features in many of the

above samples just what the mobile proton species are. In Figure 3, spec-

tra are plotted of Samples N and P, both PBT samples were coagulated from MSA.

The first was washed, the second was not washed although it was coagulated in

water. Both samples were sealed in vacuum. Both spectra show a narrower

resonance constituting about 14% of the total intensity. The upper spec-

trum of the unwashed material shows a shift in the position of the narrow

resonance with respect to its washed counterpart. As discussed in the

section on relaxation, the broadening and shift is understood as arising

from the replacement of some of the mobile species in Sample P with a sec-

ond mobile species whose resonance is narrower and shifted 5-6 ppm
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upfield (See the difference spectrum in Figure 3). While washing cer-

tainly alters some of the impurity material, evacuation for a period of

half an hour is insufficient to volatilize and expel these impurities;

therefore they are either not volatile or are trapped in the polymer ma-

trix.

Figure 4 shows the proton spectra of several preparations of the heat

treated AFTECH I fibers. The upper spectrum is of an oriented sample,

sealed in vacuum, the center spectrum is of a chopped fiber, sealed in

vacuum, and the lower spectrum is of chopped fibers exposed to air. Two

things are to be noted. First, the full width at half height (FWHH) of

the unoriented material is about 24 kHz as compared to 20 kHz in those PBT

samples containing the strong narrower component. Secondly, the fibers

show no detectable water when exposed to ambient relative humidity for

several months. Thus, it appears that the structure of the heat treated

fiber is such that water is excluded. Moreover, the increase in linewidth

can correspond either to densification of the structure and/or slight

reduction in the amplitudes of some hindered motions characteristic of

unannealed samples.

While the hygroscopic nature of ABPBI is recognized, the nature

and homogeneity of the distribution of mobile proton species, particularly

in the unannealed PBT samples, is less well known. This will be addressed

under Section F of the results.

The proton lineshape for Sample I, the nylon/PBT composite will be

discussed later in the section dealing with experiments on the intimacy of

mixing.
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2. Proton Relaxation and Spectra Taken with Multiple Pulse

As mentioned earlier, the multiple pulse technique is a method for

quenching spin diffusion thereby measuring properties, i.e. spectra or re-

laxation times, 2 1 characteristic of the individual sites in an

inhomogeneous system. Table I gives the time constants, Tixz(i), and the

corresponding proton percentages associated with each Tjxz(i) for the

unevacuated original set of samples (A-F) received. The total time, tc,

for the MREV-8 multiple pulse sequence is also given. Two cycle times

were used for each determination and the results for the two cycle times

agree reasonably well. Most of the decay curves were fitted to a sum of

three exponentials although those of the two oriented samples, A and D,

were fitted sufficiently well by two exponentials. In Samples A and D, the

two time constants differ by more than an order of magnitude. The assign-

ment of the shorter time constant to mobile protons and the longer one to

polymer protons cannot be true, however, since the mobile protons in these

samples represent only a few percent and not the observed 23-28%, of the

total proton content. A more likely explanation is that the PBT and ABPBT

fibers consist of fibrils whose lateral dimensions are small (<7 nm) and

whose sizeable fraction of surface chains might be mobile enough to gener-

ate shorter relaxation times. Or, it may be possible that interactions

with the minor mobile proton species could shorten the relaxation times.

The samples B, C, E, and F all include components with time constants

of the order of 1 ms and these components have sizeable percentages

(40-69%). Sample C, the ABPBI "heart cut" film has the highest percentage

of short Tixz. Since this sample, as discussed in the previous section,

has picked up substantial amounts of water which probably penetrates the

bulk of the ABPBI, causing enhanced polymer motion, it is reasonable that
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the percentage of short-time-constant protons be larger than estimated

from the lineshape. Moreover, the rather short intermediate time con-

stants and the small amount (only 6-7%) of the material with a "long" time

constant suggest that the mobile fraction is well mixed. In fact, meas-

urements of TIH on Sample C indicate that the long component is probably a

second component within the narrow component.

Sample B, the PBT-D 4 film, shows two shorter time constants, the sum

of which is approximately equal to the narrow fraction (60-70%). The

longer time constant is similar to the long time constant in Sample A,

which indicates that the mobile species are probably external to the

PBT domains. The long time constant fraction is due to the PBT protons

on the polymer chains in the interior of the domains.

Samples E and F are both composites with 30% PBT. Sample E contains

ABPBT and Sample F contains ABPBI. That Sample F should have a higher

rercentage of mobile component (56%) than Sample E (40%), according to the

Tixz analysis in Table I, is reasonable if we again invoke the idea that

ABPBI is more hygroscopic than ABPBT. In Sample F, the shorter two Tlxz

values are similar to those in the ABPBI film, and the relative

pvoportions are similar but not exactly comparable. It is tempting to

evaluate whether Sample F is a "molecular" composite from the long T1xz

(33 ms), whose percentage roughly coincides with the long time-constant

percentage expected based on the results of sample A. However, the T1xz

value is considerably shorter than for pure PBT (121ms) in Sample A;

moreover, Sample A was heat treated. The 33 ms T1xz would only indicate

phase separation if the lack of annealing accounted for the Tjxz

differences. Indeed, TH measurements of the PBT samples (Samples N and

P) cast from MSA yielded relaxation times in the 20-30 ms range, although
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these latter values were ostensibly influenced by spin diffusion from mo-

bile protons. So the interpretation of the longer TiXz in Sample F is

perhaps an indication of phase separation, but not unambiguously so. Sam-

ple E, on the other hand, has a long time constant close to those for the

homopolymer (Samples A and D). Apparently, Sample E contains some well

ordered domains and we might expect on this basis that the material is

phase separated. However, if we assumed that the mobile fraction was ac-

counted for in the short-time-constant fraction while the intermediate-and

long-time-constant fractions corresponded to the polymer protons, then the

equality of these latter fractions for Sample E is not expected based on

the relaxation behavior of the homopolymers (Samples A and D). In the

homopolymers, the ratio of the long to short fraction is about 3:1. Thus,

in a very crude sense the T1 xz data for Sample E suggest that some phase

separation is occurring judging by the order implied in the long TiXZ.

However, a fraction about twice as large as expected based on the

homopolymers, seems to be mobile enough to relax quite efficiently. This

could be taken as evidence for phase separation into domains smaller than

for the homopolymer, although one must remember that Sample E was probably

not heat treated while Sample A (and probably Sample D) was. In other

words, the differences in the TIXz behavior of Samples A, D, and E might

reflect heat treatment differences rather than constraints to domain

growth in the composite relative to the homopolymers.

One way to assign various T1xz components to different proton popula-

tions is to follow the lineshape as a function of Tixz. Only a few ex-

periments of this sort were done but certainly more could be done. Figure

5 shows what happens to the lineshape in Sample A as one goes from the

normal Mo lineshape to the lineshape following 24 ms of Tjxz relaxation.
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While the lineshapes are very similar, the sharp component is missing

thereby indicating that the mobile component is included in the short Tlxz

component. (The early disappearance of the mobile component in a T ex-

periment was also a common observation.)

Spectra were also taken using multiple pulse. These spectra are nar-

rowed considerably (down to,0.8-1.3 kHz) as a result of the removal of the

proton-proton dipolar interaction. What remains to broaden these reso-

nances is the chemical shift anisotropy (- 5 ppm) and possibly magnetic

susceptibility broadening (1-3 ppm). Figure 6 shows the multiple pulse

spectra of samples A-F. Very little resolution of individual resonances

is apparent. There is no obvious distinction between a broad and a narrow

component. The reason for this is that the mobile protons are experienc-

ing a finite dipolar coupling, but these protons are moving more rapidly

than the pulse-cycle time through the lattice. Thus, since the multi-

ple-pulse sequence is designed to eliminate static dipolar interactions,

the sequence evidently does not do much to eliminate those weaker residual

dipolar interactions resulting from motional averaging. Therefore, on a

relative basis, the "narrow" line in the Mo spectrum takes on a width in

the multiple pulse spectrum comparable to the originally broad, but now

narrowed, Mo component whose dipolar interactions are truly eliminated.

So the multiple pulse spectra, particularly for samples whose mobile pro-

ton content is high, are not very useful for analysis. Multiple-pulse

spectra were not obtained on the other samples.

3. Other Proton Relaxation times

In many respects, the proton relaxation times are very important in

determining the quality of the interpretation of various experiments. For

example, the T1j values, if they are of the same order as typical
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cross-polarization times (i.e. 0.5-2 ms), will cause potentially serious

distortions in 1 3 C CP spectra. Also, the proton TIH,s generally determine

the length of time during which equilibration of magnetization in a spin

diffusion experiment can be observed. If, for example, domain sizes are

approximately 10 nm, then spin diffusion should be followed for 10-30 ms,

during which time TiH contributions to magnetization change should be neg-

ligible (less than 2% of Mo). This means one would like T1 H's to be gen-

erally greater than is.

Table I includes TIH values for Samples A-F. The TiH's are generally

shorter than is, except for the PBT film (2s). In fact, the "heart cut"

ABPBI and the PBT-D4 show very short TH's. One possibility is to at-

tribute the short relaxation times to the presence of the mobile proton

species. In this connection the composite of ABPBI and PBT, Sample F,

shows a TIH much longer than the heart cut ABPBI sample which is not con-

sistent with the foregoing hypothesis since both samples have substantial

and nearly equal fractions of mobile material. So while the mobile proton

species is probably implicated in shortening T1 PH it is not simply the

amount of mobile proton intensity which determines TiH. In any case, the

TIH's are short to marginal for conducting spin diffusion experiments.

TIH values were not determined for all of the remaining samples. It was

found that evacuation did not substantially change TIH in most cases. For

example, the evacuated heart cut ABPBI still had a TiH less than 30 ms;

the evacuated PBT sample (unwashed) had a TH of 200 ms. Evacuated sam-

ples of nylon 66, nylon PBT, AFTECH I PBT fiber, and AFTECH II PBT fiber

had TH values of 0.7, 0.6, 3.0 and 1.0 seconds respectively. (The dif-
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ference in the AFTECH fibers may be related to differences in the

unpaired electron concentrations as described -in the ESR section of this

report.)

Rotating frame relaxation times, TP H, were measured on a few of the

samples, using rf field strengths of 83 kHZ. The decay of the proton

magnetization is complex and therefore rather than show each set of data

we illustrate some typical behavior. For this purpose we divide the mate-

rials into two groups: those having substantial mobile proton fractions

and those with very little of these protons (e.g the heat treated PBT fi-

bers and film and the evacuated nylon and nylon/PBT composite).

A typical set of proton lineshapes following various periods of proton

spin locking is shown in Figure 7 for the unevacuated heart-cut ABPBI

(Sample C). One result which stands out from this data is that the narrow

line consists of more than one kind of proton. The downfield portion has

a very short T1 PH (-600 Us). The upfield side of the narrow line decays

non-exponentially over the times 0> 4ms) when its intensity can be meas-

ured well. The T1~PH of the broad component is approximately 2 ms. Al-

though spin diffusion goes on in a TIPH experiment (at half of the rate

compared with a TIH experiment), these spectra aid in qualitatively as-

signing the Tjxz components in order of increasing times (see Table 1) to

the low-field narrow-line component, the broad polymer resonance, and the

high-field narrow-line component, respectively.

Upon evacuation of the heart cut ABPBI, the high-field narrow portion

remains (see Figure 2), and the low-field narrow portion is either broad-

ened or nearly eliminated. However, the T1 H of the broad feature still

has a decay constant of 2 ms. Therefore, if spin diffusion from a mobile

species rather than polymer motions themselves were relaxing the polymer
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protons, then the mobile protons remaining after evacuation would be re-

quired to possess either stronger dipolar couplings and/or more efficient

Tp H relaxation relative to the unevacuated sample and thereby maintain

the efficiency of the T1 pH relaxation of the polymer protons. On the

other hand, the lineshapes of Figure 2 indicate that the mobility of the

polymer is certainly affected by evacuation so that through a combination

of circumstances the apparent T1 pH of the polymer proton resonances is un-

affected.

The TIH behavior of Samples N and P, the PBT films coagulated from

MSA, helped to characterize the PBT material prior to heat treatment. The

magnetization decays for the broad component were nearly exponential with

the TIH values being 20.7 (after an initial 5% decay over the first ms)

and 28.3ms for Sample N (washed) and Sample P (unwashed) respectively.

Both samples although evacuated and sealed had a substantial narrow compo-

nent (14%) with linewidths, respectively, of 2.3 and 1.8kHz (see Figure

3). The narrow line of Sample N was quite asymmetric, and its TIH behav-

ior showed that it consisted of two parts separated by approximately

5-6 ppm. The low field portion was similar in position, width, and shape

to the narrow line of Sample P. The T H behavior of this portion was very

non-exponential, displaying an early slope corresponding to a 3ms T1 ,

however, its final slope approached that of the PBT protons. (This is ex-

pected if these narrow-line protons are coupled to the PBT protons by spin

diffusion). The high field portion of the narrow line of Sample N had a

decay behavior that roughly paralleled the T H decay of the PBT protons.

Its linewidth was about 1.1 kHz. This component which was evidently in-

troduced by extensive washing was missing entirely in Sample P. The ratio

of intensities of the low field to high field portions of the narrow com-
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ponent of Sample N was 2:1. So the PBT samples which are not annealed

show a substantial narrow component and a TIH for the broad resonance

which is much shorter than the Tixz of Sample A and somewhat shorter (as

will be seen presently) than TIH for the annealed PBT fibers. The role of

the narrow component in reducing TIH values for the PBT protons via spin

diffusion is not yet clear. This topic will be addressed later. What is

clear is that mobile protons exist in the unannealed PBT system with short

T1pS so that, if they are coupled to the PBT protons, the T1 p,s of the

PBT protons will be shortened. TIxz relaxation would clearly provide a

superior method for characterization of the intrinsic mobility of the PBT

protons.

The spectra of Sample F, the ABPBI/PBT composite, in vacuum, exhibit

some similarities and some differences to the homopolymer systems. The

narrow (3 kHz) line which constitutes 12% of the total proton

magnetization exhibits two different T1 pH behaviors for the down field

portion and upfield portions of the line with very similar time constants

to the narrow components of the ABPBI sample. The decay of the broad

polymer proton component is shown in Figure 8 to be very non-exponential;

but the decay rate is substantially longer than for the ABPBI sample (the

initial slope corresponds to a 3 ms T1 pH, the final slope is 21 ms). We

examined this data to see if the longer final slope could be due to a

phase-separated PBT phase, since the final slope had a TIH characteristic

of Sample N. This identification could not be made since the intercept at

t=o of the final slope corresponded to a 44% fraction of the broad compo-

nent which is larger than the 22% fraction of PBT protons in the total

polymer. However, if PBT is phase-separated and if domains are small

enough so that spin diffusion is active in relaxing the PBT domains, then
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extrapolation of the long time slope can overestimate the real fraction of

PBT present. This result, taken together with the Tjxz fractions and per-

centages (unevacuated Sample F) allows for the possibility of phase-sepa-

ration but, if so, into dimensions less than 10 nm so that significant

spin diffusion can take place over timescales of 20 ms in the rotating

frame.

The hypothesis about mixing with domains smaller than 10 nm in Sample

F can be tested qualitatively by looking at the TlpH decay for the

PBT/ABPBI (Sample L) which was coagulated out of MSA at a concentration

high enough to produce phase separation of a portion of the PBT. In this

case, the domain sizes of the PBT regions whose solution precursors were

phase separated ought to be larger than in Sample F and this would lead to

the assumption that the long time constant in Sample L should have a

smaller spin-diffusion contributilon, and therefore a longer apparent time

constant. Figure 8 gives the decay of the broad component of Sample L.

The longer time slope yields a TlPH of 10 ms indicating a long decay time

half that of sample F. The trend, therefore, is opposite that expected.

A difference between Samples L and the evacuated Sample F is that Sample L

showed a narrower sharp resonance (-1 KHZ wide) and the whole narrow line

decayed with a TlpH of approximately 2 ms (See Figure 8). So there are

clear differences in the mobile proton components in Samples F and L. It

will be shown later that the interaction of the protons in the narrow por-

tion of the line with the broader polymer protons is different in these

two samples. In fact, the narrow-line protons will be seen to be more

uniformly distributed in the polymer matrix in Sample L than in Sample F

in spite of their narrower linewidth in Sample L. It appears that the

T1P H behavior of the broad resonances is linked to the narrow-line pro-
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tons, but that these latter species are quite variable in these samples

and little information about phase separation can be deduced from the long

time slopes of the T H decay curves. Measurement of Tlxz decays would

probably help clarify the situation but before any interpretation can be

made regarding phase separation, an identification of decay rates with the

individual polymer species is required...and that is very difficult out-

side of C-13 CPMAS spectra.

The T1 pH behavior of the materials with a small to vanishing nar-

row-line component are easier to describe. Figure 9 shows decay curves

for the evacuated chopped fibers of PBT (AFTECH I; Sample G), nylon 66

(Sample M), nylon 66 pellets (Sample Q), and the nylon/PBT composite (Sam-

ple I). Sample G has an initial 10% decay which can be partly identified

with impurity protons and seen most easily in spectra of oriented samples

(See Figures 4 and 5). The longer decay rate is 44 ms. Sample Q exhibits

an exponential decay with a TH of 8 ms. This sample, being in the form

of pellets probably, has much lower crystallinity than Sample M whose TIH1P

decay time becomes 19 ms after an initial decay whose slope corresponds to

a 10 ms TiH. Finally, the nylon/PBT composite (Sample I) shows a reasona-

bly exponential decay with initial and final slopes corresponding to a 14

and 17 ms TH respectively. In Samples I and Q the lineshape is stable

as a function of spin-locking time. In Sample G the lineshape is also

stable except for the early decay of the impurity protons. In Sample M

the resonance width increases 10 kHz from short to long locking times,

presumably because the wider crystalline resonances are slowest to decay.

For the nylon/PBT the lack of a lineshape change with t strongly sug-

gests that the two polymers are well mixed on a scale of 10 nm. The ra-

tionale for the argument is as follows: (a) The proton lineshape, as
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will be seen, is well approximated by a superposition of nylon and PBT

homopolymer resonances and this suggests phase separation, at least on the

scale of nearest neighbors. (b) Phase separation into large domains

would be expected to yield lineshapes which depend on spin locking time

and produce a T H for Sample I which is a superposition of, say, 74% of

the protons relaxing like those in Sample M and 26% like those in Samples

G, N, or P. Contrary to this expectation, the final slopes of the T H

curves for Samples M,G,N and P are all longer than for Sample I. (c) No

significant population of mobile protons exists to shorten TiH. (d) The

observed T1• for Sample I is quite consistent in magnitude with that ex-

pected for intimately mixed domains of nylon and PBT where crystallinity

of the nylon phase is lower, due to mixing, than in the homopolymer (Sam-

ple M) and spin diffusion from the nylon (modelled more closely by Sample

Q) relaxes the PBT protons. (e) This latter explanation would produce the

observed lineshape stability as a function of spin-locking time. This

conclusion about the scale of mixing is verified later by more direct spin

diffusion experiments.

4. C-13 Cross-Polarization Spectra

Selected samples were observed by 1 3 C solid-state NMR methods. All

spectra were taken with high power proton decoupling during observation.

Signals were generated via [proton - C-131 cross-polarization (CP). In

addition, some CP spectra were taken on static samples while other samples

were rotated at the magic angle; the latter spectra are referred to as

CP-MAS spectra. CP spectra generally involve a lot of overlap of the in-

dividual carbon resonances because of the chemical shift anisotropy. How-

ever, in an oriented sample, the CP spectra can convey information about

orientation while at the same time improving possibilities for identifying
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identify individual carbon resonances. Of course, CP-MAS spectra are

"high resolution", particularly for 'crystalline regions; and this tech-

nique provides the greatest opportunity for resolving individual carbon

resonances.

Figure 10 shows non-spinning CP spectra'of samples J and K, which are,

respectively, the stretched (2x) samples of ABPBI and a 30% PBT/70% ABPBI

composite. Both samples were coagulated in water from MSA. These samples

were macroscopically oriented in the sample holder. Spectra iOA and lOB

correspond to Sample K while Spectrum 10C applies to the composite, Sample

J. The orientation of the sample changes with Spectrum IOA having Bo per-

pendicular to the macroscopic draw direction while in Spectrum lOB and

10C, Bo is parallel to the draw direction. In comparing Spectra IOA and

lOB it is obvious that substantial orientation exists in these samples

since the spectra are so different. For example, it is well documented

that the most shielded principal value of an aromatic carbon chemical

shift tensor lies in the direction normal to the plane of the aromatic

ring. The strong shoulder near 25 ppm in Spectrum A indicates this posi-

tion which is quite typical for aromatic carbons. Resonances occur here

when B0 is nearly perpendicular to the plane of the aromatic .'ings. The

virtual absence of resonance intensity anywhere near 25 ppm in Spectrum B

indicates that the chain axes have a strong projection along the stretch-

ing direction. The same is true for Sample J in Spectrum 1OC. In fact,

spectra lOB and l0C look virtually identical. We have also compared spec-

tra (not shown) of unstretched and2x stretched ABPBI. These spectra'are

indistinguishable. Therefore, it appears that the 2x stretching did lit-

tle to improve orientation, beyond that developed during coagulation.
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In Figure 11, a spectrum of an oriented PBT fiber bundle is shown

where Bo is parallel to the draw direction. This spectrum is somewhat

of a contrast with those of Figure 10 (B and C). The prominent peak near

230 ppm for oriented PBT in Figure 11 can be compared with a rather weak

shoulder at 230 ppm for oriented ABPBI in Spectrum 1OB. The increase in

intensity of this shoulder in Spectrum 10C relative to 10B indicates that

the PBT in the composite is oriented.

Because of the different CP efficiencies for protonated and

non-protonated carbons 15 , protonated carbons cross-polarize faster due to

their stronger proton-C-13 dipolar couplings. It generally takes 200-500

ps to fully cross polarize a protonated carbon and about 1-3 ms for a

non-protonated carbon. Thus, particularly at short CP times, the

protonated carbon contribution to the spectrum is richer than for the

non-protonated carbon counterparts. This is illustrated for oriented Sam-

ple G in Figure 12. From Spectrum 12A it is clear that the protonated

resonances in this oriented sample are contained in the higher field com-

ponent of the two dominant resonance groups. Since four of the seven dis-

tinguishable PBT carbon resonances are unprotonated carbons some caution

must be exercised in properly matching the Hartmann-Hahn condition for CP,

otherwise significant spectral distortion can exist even for longer CP

times.

Figure 13 shows CP spectra of less oriented materials. Spectrum 13A

corresponds to Sample F, an unoriented, wound, film; Spectrum B is also an

"unoriented" wound film (Sample I). Spectrum 13A, as expected, looks like

a "typical" aromatic carbon chemical-shift-anisotropy powder pattern, even

though there are many different aromatic carbon resonances contributing.

In spectrum 13B one can pick out the resonances from the tetrahedrally
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bonded nylon carbons in the 10-60 ppm range. These carbons generally dis-

play a powder pattern 30-60 ppm in total width, quite in contrast to the

aromatic carbons whose powder patterns are about 200 ppm wide. So, one

could probably do a decent job of deconvolving the nylon from the PBT con-

tribution to the C-13 spectra even though no information about individual

resonances within each group can be obtained.

The 50.3 MHz CP-MAS 13c spectra for the unstretched ABPBI film corre-

sponding to Sample K are given in Figure 14. Spectrum 14A is taken with a

40 ps blanking of the proton decoupling pulse at the beginning of signal

observation. The proton-C-13 dipolar interaction in this experiment 2 3 ,

broadens protonated carbon lines and makes them disappear before signal

observation begins, so Spectrum 14A represents non-protonated carbon reso-

nances. In Spectrum 14B, a short, 100 ps CP time is used so that

protonated resonances appear more strongly than the non-protonated rgso-

nances. Spectrum 14C is the CP-MAS spectrum with a 1 ms CP time. In

Spectrum 14C, one sees many resonances, most of which are spinning

sidebands, separated by an integer multiple of the spinning frequency

(2.75 KHz) from the central resonances whose seven peaks occur at approxi-

mately 113, 117, 121.9(2), 136.0, 142.4, and 153.8 ppm with respect to

liquid tetramethylsilane. From Spectra 14A and B, one can deduce that the

protonated carbons resonate at 113, 117ppm and 121.9 ppm. The last men-

tioned resonance position is also occupied by an unprotonated carbon.

In contrast to Figure 14, Figure 15 is a 15.08 MHz spectrum of Sample

G, the AFTECH I PBT fiber. Because of the lower field, 2 kHz spinning is

able to reduce most sidebands to insignificance. Isotropic chemical

shifts occur at 117, 128(2), 135(2), 152, and 166 ppm. Three of these

seven shifts correspond to protonated carbons and in a manner similar to
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that used in Figure 14, it can be deduced that the two carbons at 128 ppm

(phenylene carbons) and the carbon at 117 ppm are protonated. The

assignment is not our immediate concern, but we note that the highest

field position likely corresponds to the carbon on the thiazole moiety

attached to the phenylene ring. This carbon is most isolated from other

protons on the same chain and may be most sensitive to the Hartmann-Hahn

match. This is the only carbon which should be fully resolvable in a

PBT/ABPBI composite.

Figure 16 shows 50.3 MHz CP-MAS spectra of sample M, the molded nylon

66 (Nylon Zytel 101), and Sample I, the 40% Nylon/60% PBT composite. Only

the amide carbon in the nylon spectrum has visible sidebands since the re-

maining carbons are aliphatic and have small anisotropies. Sidebands are

again copious in Spectrum 16B with most of them coming from the PBT aro-

matic carbons. There is even some sideband-centerband overlap at 166 ppm,

and 117 ppm; minor overlaps with second sidebands occur in the aliphatic

region. Both of these samples have seen similar temperatures (near the

nylon melting point) in their forming: yet, judging by the narrowest

aliphatic components, Spectrum 16A shows highest crystallinity. In fact,

a rough integration of the sharp resonance components in each spectrum

shows a 35% crystalline fraction in Spectrum 16A and a 23% fraction in

Spectrum 16B. Thus, there is an immediate indication that the presence of

the PBT has significantly hindered the growth of the nylon crystalline

phase, although crystalline domains still exist. Therefore, Figure 16 in-

dicates that the Nylon/PBT composite has some phase separation, but PBT

is intimately enough mixed into the nylon to reduce nylon crystal growth.
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Unfortunately, the greater intrinsic width of the PBT resonances means

that little can be said about whether the PBT resonance lines indicate

less order due to the presence of nylon.

5. Experiments on the Intimacy of Mixing in Composites Using Spin

Diffusion Between Polymer Component Protons

i. 30% PBT/70% ABPBI Composite

The most promising techniques for studying intimacy of mixing of the

PBT/ABPBI system are those whereby CP-MAS is used as a "read-out"

mode following a spin diffusion period. This statement follows from the

practical result that only CP-MAS can clearly differentiate PBT and ABPBI

resonances. (For highly oriented samples, maybe CP without MAS might

work). As will be described later, attempts to combine multiple pulse

relaxation and cross-polarization (the 'best' experiment) were not suc-

cessful enough to warrant trying them in a MAS probe. So, for this com-

posite, we chose to do a simple 'test',for intimate mixing rather than

attempt to measure the intimacy of mixing directly. The 'test' is to ob-

serve CP-MAS spectra at a fixed CP time following a variable spin-locking

time on the protons. If the system is truly a "molecular composite",

then, since equilibration times for adjacent chains should be of the order

of.1 ms, the TIP decays of the proton magnetization from the PBT and

ABPBI, as seen via the C-13 signals, should be tightly coupled.24 On the

other hand, if the proton magnetization decays at different rates, then

phase separation is indicated. Figure 17 shows 50.3 MHz spectra of Sample

J, the 2x stretched 30% PBT/70% ABPBI film, taken with 1 ms CP time after

proton spin-lock times of .004, 3, and 5 ms, where a 73 kHz rf field

strength was employed. Difference spectra are also shown as are the total

integrals of the signals. To facilitate lineshape comparison, the weaker
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signals at longer times are normalized so that all spectra have the same

total intensity. The arrow indicates the single, resolvable PBT line at

166 ppm. Note that the intensity of this line increases somewhat at

longer times, indicating that the relative contribution of the PBT compo-

nent is increasing at longer times. Qualitatively this is also indicated

by the decrease of the 122 and 135 ppm resonances relative to the 117 ppm

and 142 ppm resonances, respectively. The approximate TYP's of each of

the components were determined to be 3-4 ms for the ABPBI and 4.7-5.3 ms

for the PBT.

This rather crude experiment suggests that a "molecular composite"

probably does not exist; nevertheless, the time constants are close enough

so that, in view of the fact that T~p values for pure PBT are usually 20

ms or longer, large domains (>10 nm) of pure PBT or ABPBI are also likely

excluded. This experiment was also repeated at 15 MHz using a spinning

speed of 2.1 kHz and an rf field strength of 56 kHz. Similar results were

obtained with the PBT and ABPBI having TIp's of 4 ms and 3 is, respec-

tively.

We did not have time to conduct this experiment on Sample L, the

"phase-separated" PBT/ABPBI composite, but this experiment would be a

rather important control.

ii. 40% Nylon/60% PBT Composite

This material offers several ways to inquire into the question of mix-

ing owing to the fact that resonances from the individual components may

be identified clearly via C-13 CP and CP-MAS spectra and reasonably well

via spectra from proton FID's. In this section, we will describe

several experiments involving either direct proton observation or indirect

(via 13C) proton observation.
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a. Proton Lineshape and Its Interpretation

Since the number of protons per unit volume in nylon is approximately

three times that of PBT, it follows that the proton linewidths are also

different. In fact, the Nylon 66 pellets (sample Q) and the nylon 66

(Zytel 101 molded plate-Sample M) had linewidths of 43.8 and 46 kHz,

respectively, while the unoriented PBT samples, N and P, had linewidths of

19 kHz; the chopped heat treated PBT fibers (Sample G) showed a 24 kHz

linewidth.

For rigid chains in the composite, it would be reasonable to expect a

broadening of 4-10 kHz in the PBT spectrum from nearest neighbor nylon

chains. At the same time, a dilution of the nylon chains with the pro-

ton-poor PBT chains should produce line narrowing. If mixing is occurring

at the molecular level, a visible broadening of the PBT resonances and a

narrowing of the nylon resonances is expected. In addition, molecular mo-

tion, due to less efficient packing, could be more facile than for the

homopolymers leading to a further narrowing of the lines. On the other

hand, if the polymer components are phase separated, then the Mo lineshape

should be the superposition of component lineshapes with a 74.2% contribu-

tion from Nylon protons and a 25.8% contribution from PBT protons. The

experimental lineshape (see ahead to Figure 18) can be approximated by a

component whose 70 ±3% contribution has a lineshape like that of the nylon

Zytel molded plate and the remaining component having a linewidth of 20

kHz, which falls between that of Samples N (or P) and G. Thus, the

lineshape is very close to being a superposition of the individual compo-

nents, implying that at least on a nearest neighbor basis, the sample

looks phase separated. This is a very "local" criterion, however, since

the domains need not be larger than a few nanometers in order to give this
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result. Nevertheless, the recognition that the observed spectrum consists

of superposed homopolymer spectra establishes the basis for proceeding

with the following spin diffusion experiment.

b. Proton Diffusion Study with Proton Observation

In order to conduct a spin diffusion experiment, magnetization gradi-

ents must be generated in the sample. Ideally, sharp gradients are pre-

ferred in order to simplify the analysis. 2 5 In order to establish

sharp gradients, the preparation time must be short compared with those

times over which spin diffusion reequilibrates the magnetization in the

various domains. Clearly, the reequilibration times depend on domain

sizes. For distances down to 1 nm, this means that if spin diffusion is

allowed to proceed during gradient preparation, then the preparation

should take no more than 0.2 Ms. On the other hand, a multiple pulse

preparation with the accompanying quenching of spin diffusion could extend

for several ms.

We chose to take advantage of the linewidth differences between PBT

and nylon in order to establish a magnetization gradient quickly. The

preparation was a single dipolar echo followed by restoration of the

magnetization either parallel or antiparallel to Bo: The sequence for

this preparation was ( 9 0x-3Os-9Oy-3Os-9O±x). Following this preparation

there was a variable ("spin diffusion") time during which spin diffusion

took place. Finally, a single-pulse observation was made with transmitter

and receiver phase cycling to suppress multiple quantum coherences 2 6 . In

Figure 18, a set of spectra are shown as a function of the spin diffusion

time. The initial magnetization at 50 Us represents 23% of the total

equilibrium magnetization; however its distribution between PBT and nylon
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shows that the PBT contribution is more than double that from the nylon.

The biggest lineshape changes occur over the first 4-7 ms. Following

that, change is still observable, but it is small.

One can analyze the contribution of the two polymer components to each

lineshape in Figure 18 by subtracting that component of the lineshape

whose shape is the spectrum of sample M, the molded nylon Zytel 101. Fig-

ure 19 gives a plot of the relative growth of the nylon magnetization ver-

sus the square root of the spin diffusion time. At early times, the

growth of magnetization is expected to follow a square root of t depend-

ence, and this is true for the composite, at least for the initial 50% of

the recovery. After this, recovery slows down and small changes are still

taking place between 30 and 50 ms. Figure 19 has two nearly parallel.

curves. The upper curve is a so-called corrected curve which approximate-

ly takes into account the small drift of the total proton magnetization

during the diffusion time. As noted earlier, not only transport due to

spin diffusion but longitudinal relaxation (Tv) processes contribute to

the change of magnetization levels. In this case, the decay in the total

proton integral over the 50 ms interval covered in Figure 18 is 11%. Each

point of the corrected curve of Figure 19 is obtained from the uncorrected

one by simply dividing by an amount proportional to the total proton sig-

nal integral at that point. It should also be noted that because of the

alternate inversion of the magnetization along ±B0 prior to the spin dif-

fusion period, two statements follow. First, as the spin diffusion time

gets much larger than TH, the observed magnetization approaches zero.

Secondly, growth of the magnetization of any component (prior to
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corctn fo T

correcting for T1 effects) implies a growth via spin diffusion. It is

also true that TH effects accumulate more slowly with the magnetization

alternation than if this alternation were absent.

The interpretation of domain sizes using data like that of Figure 19

requires more detailed modeling which was not attempted. However, in the

spin diffusion modeling of poly(ethyleneterephthalate)(PET) fiber morphol-

ogy 2 5 similar recovery curves were observed and a scaling of those re-

sults to the present case gives an overall periodicity of 7 nm where the

scaling has involved the assumptions that the average diffusion constant,

D, for the composite is 5x10- 1 2 cm2 /s (4x10-1 2 cm2 /s for PBT and 6xi0- 1 2

cm2 /s for nylon). Also assumed is an overall dimensional scaling directly

proportional to the value of the abscissa at the point where the initial

slope line in a curve like that of Figure 19, attains the ordinate value

corresponding to equilibrium magnetization. The 7 nm determined from this

experiment is interpreted as an average repeat distance along the

narrowest dimension of the domains. For example, suppose that PBT were in

fibrillar form, then the sum of the PBT fibril lateral dimension plus the

interstitial nylon phase is 7 nm.

The recovery curve of Figure 19 is not analogous in all respects to

the PET data on which the composite diffusion data analysis is based. The

data of Figure 19 show that the linear portion of the recovery only ac-

counts for about half of the total recovery to equilibrium while in the

PET samples, the linear portion of the recovery curves comprised 60-80% of

the recovery. The earlier departure from linearity for the composite

could indicate a heterogeneous structure in one of the components. In-

deed, the proton spin diffusion results seen via the C-13 spectra show

46



that the crystalline regions of the nylon are the last to be populated by

spin diffusion. Therefore, the 7 nm dimensions probably do not take into

account the nylon crystalline regions.

The experiment described in the foregoing paragraphs may also be

criticized in that the initial gradients formed in the dipolar echo prepa-

ration are are not uniform throughout the sample. The dipolar echo prepa-

ration produces magnetization which depends not only on whether a proton

is a nylon or PBT proton but also on the geometrical distribution of the

local dipoles within a given phase. In recognition of this, experiments

were performed on the homopolymer systems of the chopped PBT fibers of

Sample G and the nylon pellets of Sample Q. The dipolar echo indeed se-

lects protons whose linewidths are narrower than the average. However,

after about 0.4-0.6 ms, the nylon lineshape is nearly its Mo width. In

PBT, linewidth recovery takes a similar time. Thus, the first two or

three points in Figure 19 are suspect because the attribution of linewidth

to the two polymer components is not rigorously valid for early times.

The short time slope may, therefore, not be as steep so that the periodic-

ity may be as large as 11 nm.

c. Proton Spin Diffusion Using C-13 CP-MAS Readout

The weakness of the experiment described in the foregoing section is

the uncertainty, particularly at early times, as to whether the proton

signals are coming from the nylon or PBT protons. One way out of the

problem is to use the C-13 signals, generated via CP, as a monitor of the

proton magnetization. The easiest way to separate the two polymer signals

is via MAS. However, simple as the idea sounds, other complications must

be dealt with. What follows is a list of complications and what was done

to overcome or account for them.

47



First, to generate sharp magnetization gradients, the same dipolar

echo preparation scheme could not be used since MAS interferes with the

refocusing of the echo. Therefore, a Aeries of four dipolar echoes was

used [90x-(12Vs-90y-12us)4-90±x]. The shorter intervals between pulses

reduce the interference from MAS and the use of four echoes instead of

one increases the contrast between the nylon and PBT magnetization.

Second, the observation of C-13 signals (via CP) instead of

proton signals means that one does not have an instantaneous measure of

proton magnetization. To approximate an instantaneous measure, a short CP

time (0.2 ms) was used. This time, however, is insufficient to

equilibrate the C-13 nuclei with the protons. This is particularly true

for the non-protonated carbons which cross-polarize more slowly than their

protonated counterparts. Thus, one must take account of the distorted

spectra resulting from short CP times.

Third, there is no simple check for the total proton magnetization.

Although the PBT is proton-poor relative to the nylon, it has the same

carbon density on a per weight basis. One can go through a simple calcu-

lation to show that under the assumption of proton spin diffusion and no

proton relaxation effects, the change in the undistorted PBT C-13 inten-

sity due to proton spin diffusion should be 4.28 times the change in nylon

signal intensity. However, the relationship must be altered to take ac-

count of incomplete cross-polarization, spinning sideband intensities, and

a consideration of which regions of a spectrum one is integrating over.

Figure 20 shows 50.3 MHz C-13 spectra at various diffusion times fol-

lowing the dipolar-echo-train preparation period. The lower spectrum is a

scaled CP spectrum'(Mo) using a 0.2 ms CP time. This spectrum represents

the equilibrium signal. The lines marked 'P' or 'IN' correspond to
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centerband position of the PBT or nylon resonances respectively; the posi-

tions marked "X' are spinning sidebands which principally belong to the

PBT aromatic carbons. Diffusion times are given at the right of each

spectrum. At the far right of Figure 20 are difference spectra for the

aliphatic region only. These difference spectra have been obtained by

subtracting a scaled Mo spectrum from each of the displayed spectra. The

scaling of Mo was chosen such that the protonated aromatic PBT resonances

at 117 and 128 ppm would null. These protonated carbons are least suscep-

tible to Hartmann-Hahn mismatches; moreover, they cross-polarize most ef-

ficiently. Thus, these resonances should give the best indication of the

PBT proton magnetization level. In other words, the difference spectra

give a visual check on how far from equilibrium are the magnetization lev-

els of the PBT and nylon protons. The difference spectra indicate that

the most rapid spin diffusion changes occur over the first 3-6 ms. How-

ever, deviation from equilibrium is still detected at 50 ms.

The spectra of Figure 20 have a couple of noteworthy features. First,

in the nylon spectrum the sharp (crystalline) features gradually develop

at longer diffusion times, whereas the broader nylon resonances gain their

near-maximum intensity at a very early stage (by approximately 1 ms).

This provides experimental verification that the non-crystalline (as op-

posed to the crystalline) nylon regions are pretty well mixed with the PBT

phase, as expected.

The second point of note is the build up, as opposed to the expected

decrease, of intensity for the protonated PBT resonances over the first

several hundred microseconds. (Maximum intensity is reached at a

diffusion time of 0.7 ms.) The reason for this is very likely that the

1.1% fraction of protons directly bonded to a C-13 nucleus (and primarily
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responsible for the CP intensity at short CP times) experience dipolar

broadening (up to a maximum of 20 kHz) from this nucleus in addition to

the proton-proton dipolar interactions. In the dipolar-echo preparation

period, magnetization from these protons is more attenuated than from

their neighbors. Thus, at very short diffusion times, one observes CP

signals at the protonated carbons which are weaker than they would be if

the C-13 coupled protons were in equilibrium with their non-C-13-bonded

protons. This equilibration apparently takes of the order of 0.5-1 ms. (A

similar rate of reequilibration was noted for the homopolymer systems when

the proton linewidth was measured following a linewidth-selective dipolar

echo preparation.) Indeed, a non-protonated C-13 resonance such as the

resonance at 135 ppm is probably a better monitor of the proton

magnetization level of the PBT protons since the protons used to cross-po-

larize in this case are not directly bonded to the C-13 and thus survive

the dipolar-echo preparation period with magnetization more typical of the

majority of protons in the PBT phase. In fact, the unprotonated PBT car-

bon resonance at 135 ppm in Figure 20 has maximum intensity at the short-

est diffusion time.

Figure 21 shows plots of relative C-13 magnetization levels versus the

square root of diffusion time. The data are based on the spectra of Fig-

ure 20. The lower growth curve represents the total aliphatic nylon in-

tensity, corrected for a very minor aromatic sideband content. The upper

curves represent the protonated aromatic PBT intensity at positions 107

and 128 ppm (filled circles) and the non-protonated PBT C-13 intensity at

positions 135 and 152 ppm (open circles). Equilibrium is represented by

the line whose ordinate is unity. The intensities given in these plots

have been normalized by dividing by the total proton magnetization which
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decreases slowly due to TIH effects. The total proton magnetization was

assumed to be constant for the first 10 ms and the decay beyond this point

was obtained from appropriately scaled linear combinations of the

aliphatic nylon and centerband PBT (110-140 ppm) resonance integrals. The

total proton magnetization decayed 17% between 10 and 70 ms according to

this indirect measure of the total proton magnetization.

Considering the simplicity of the idea of using CP to the C-13 nuclei

to monitor proton magnetization, it is now clear that the C-13 spectra,

particularly at early diffusion times and particularly for protonated

resonances, do not give a totally accurate representation of the proton

magnetization for the reasons discussed. Thus, while it was hoped that

the curve of Figure 19 could be checked, or verified, by the curves of

Figure 21, in fact one ends up at a compromise position. The reasoning

is as follows.

a) Figure 19, as mentioned earlier, probably contains a steeper

slope than indicated by proton lineshape deconvolution at early

times because of the linewidth selection of the dipolar prepara-

tion sequence.

b) The lower curve of Figure 21 probably contains a steeper

slope at early times because of the preferential attenuation of

the C-13-bonded protons in nylon following the dipolar echo

preparation.

c) The finite CP time (0.2 ms) of all curves in Figure 21 tends to

average the proton magnetization over this period resulting in a

less-steep initial slope than actual.

51



d) The protonated PBT intensity in Figure 21 is distorted by the

effects mentioned in (b) and (c) above with the result that slopes

at early times are less-steep (even negative slopes at early

times) due to both effects.

e) Only the effect mentioned in (c) above is of significant

influence (and then only for the very earliest times) for the

non-protonated resonance of Figure 21; so this curve ought to be

closest to the true slope. However, it is evident that there was

some instability of the Hartmann-Hahn match during this

experiment so there is more scatter in the data.

f) Internal consistency requires that the undistorted upper and lower

curves of Figure 21 be scaled mirror images of one another, so

intersection of their initial slopes with the equilibrium line

should occur at the same point.

g) Direct observation of the proton signal in the MAS probe

indicated that there was a few percent of a mobile proton species

not present in the evacuated sample of Figure 20. (The MAS

sample cannot be sealed in vacuum.) Thus, there is a small

proton population, invisible in the CP experiment, which can add

some confusion to the interpretation of this experiment.

From the above considerations, the results of the spin diffusion

measurements shown in Figures 18-21 can be summarized as follows:

There is a portion of the decay comprising 50-60% of the return to

equilibrium during which the growth of nylon magnetization is

approximately linear with the square root of diffusion time. The slope of

the linear portion is such that extension of this slope to intersect the
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'equilibrium' magnetization line gives, at the point of intersection, a

value for the abscissa of 2-3.5 (ms) 1 1 2 . Such a linear portion is trans-

lated into an overall periodicity of 6-llnm as discussed previously.

Moreover, considering the biases intrinsic to the data and to the determi-

nation of the early slope, the true periodicity is probably in the range

9-10 nm. It is also clear in all of the plots of Figures 19 and 21 that

the final equilibration process takes a few tens of ms, and this final

equilibration primarily involves diffusion into the nylon crystalline re-

gions (see Fig. 20). These crystalline regions are clearly more isolated

from PBT than the non-crystalline nylon regions. In combination with the

proton (Figure 18) and carbon (Figure 16) lineshape data on the nylon/PBT

composite, a picture emerges of a phase-separated system of PBT and nylon.

The nylon phase is roughly 23% crystalline. With an overall periodicity

along the thinnest dimension of 9-10 nm, and with 77% of the nylon and all

of the PBT included on this periodic structure, a typical PBT domain would

thus be about 5 nm in width (density of 1.5) and the non crystalline nylon

phase would be approximately 4 nm across. The nylon crystalline regions,

which, according to Figure 20, seem sequestered by the non-crystalline ny-

lon component, are less clearly envisioned in this picture since spin

diffusion into the crystalline regions is responsible for most of the

slower approach to equilibrium at longer times. In recognition of the

similarity between the volume fractions of nylon and PBT together with

the 9-10 nm periodicity deduced from the linear portions of the slopes

which reflect primarily non-crystalline nylon magnetization growth, one

must consider that the nylon crystalline phase may not be as evenly dis-
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persed throughout the composite as the non-crystalline phase. In any

case, however, the narrowest crystal dimension is likely to be less than

10 nm.

d. C-13 Spin Diffusion Experiment with CP-MAS

After generating a C-13 signal via CP, it is possible to create states

of non-equilibrium C-13 Zeeman magnetization by applying a 901 carbon

pulse after some period of proton decoupling. 2 7 The selection of this

Zeeman population is based on chemical shift differences. Since the C-13

CP-MAS spectrum is such that most of the nylon resonances are separated

from the PBT resonances, a state can be prepared where the nylon C-13 po-

larization is very different from the PBT C-13 polarization.

At natural abundance levels of C-13, the most probable distance be-

tween nearest-neighbor nylon or PBT C-13 nuclei is 0.7-0.8 nm. 2 8 There-

fore, since C-13 spin diffusion depends on the square of the C-13 to C-13

dipolar coupling 8 928 the spin-exchange process is very slow. Neverthe-

less, the mere observation of some spin exchange between nylon and PBT

carbons could be taken as evidence of intimate (1 nm scale) mixing.

The C-13 spin diffusion experiment was conducted on the nylon/PBT com-

posite. The result, shown in Figure 22, was that no mixing was observed,

i.e. no increase in the nylon signal was observed. The principal reason

for this, see Figure 23, is that the non-crystalline TIC for the nylon, as

measured via the method of Torchia et a1 2 9 is of the order of 1 s. There-

fore, since non-crystalline nylon chains are at the nylon/PBT interface

the TIC process destroys the evidence of any spin exchanges between C-13

nuclei as the probability of a spin exchange over 1 s at natural abundance

is small. 2 8 The only ways to test for intimacy of mixing using C-13 spin

diffusion are to enrich with C-13 one or both chains so that spin exchange
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times can be shortened to the order of 1 s, or to change the temperature

so that the non-crystalline TIC can be lengthened substantially, to allow

observation of the spin exchange.

Incidentally, in conducting the TiC experiments of Figure 23 , it was

also verified that the sharp-line features of the nylon spectrum corre-

spond to the material with the longest TIC. This is expected on the basis

of the lower mobility of crystalline chains. In fact, both the crystal-

line nylon peaks and the PBT peaks had TiC values of approximately 60 s.

The lower two spectra of Figure 23 are difference spectra showing the

preferential loss of magnetization over the first 1 s and 5 s. It is

interesting to note that this difference spectum over ls yields an

aliphatic resonance very similar to that in the first spectrum of Figure

20. Understandably, the dipolar echo-sequence preparation of Figure 20

shows a preference for preserving proton intensity from the most mobile

regions of the nylon.

6. Experiments Probing the Homogeneity of the Rigid Polymer Phase

Using Proton Spin Diffusion Between Mobile and Rigid Protons

If a polymer blend is really a "molecular" composite, then, even

though there are mobile protons from a third species incorporated into the

blend, the homogeneity of the distribution of the mobile species might

give a clue as to the intimacy of mixing of the polymer chains. Figure 24

illustrates some simplified extremes for the incorporation of a mobile

species into a two component polymer blend. In frames A-C of Figure 24,

the blend is assumed to be phase separated into domains with the mobile

species (represented by dots) either selectively residing in one of the

domains (A), excluded from both domains and occupying boundary or void re-

gions (B), or uniformly distributed throughout both phases (C). On the

55



other hand, in frames D and E of Figure 24, the assumption of a 'molecu-

lar' composite is made where either aggregation is not uniform and the mo-

bile species occupies voids or defect regions (D) or the mobile species is

uniformly distributed (E). Situations D and E could also correspond to

homopolymer systems where mobile species might occupy similar sites.

In a proton spin diffusion experiment where one of the proton species

is very mobile, and therefore has weak dipolar interactions with a second

strongly-interacting proton species (a polymer), then the transfer of

magnetization between the mobile and more rigid protons would be slow due

to.the weak residual dipolar couplings evidenced by the mobile species.

In the limit of very slow spin exchange, magnetization would move through

the polymer lattice, following such a spin exchange, more rapidly than the

characteristic time between spin exchanges events. Thus, little informa-

tion would be forthcoming about the homogeneity of structure of the poly-

mer component. On the other hand, if the exchange between mobile and

polymer protons were fast on the timescale of spin diffusion through the

polymer, then some information about the homogeneity of the polymer struc-

ture could be deduced.

Experimentally it was found that the linewidths of the mobile species

were in the 1-3 kHz range while the characteristic domain sizes might be

in the range of 5-10 nm. The latter dimensions imply that typical

diffusion times across such dimensions require a few tens of ms. Thus,

even if only half of the linewidth for the mobile species represents

residual dipolar interactions (the rest being due to magnet inhomogeneity

or magnetic susceptibility effects), the spin exchange times will be of

the order of 1 ms. In other words, even with the rather narrow

linewidths, we would expect that the time dependence of magnetization
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transfer from the mobile proton species to the polymer protons should be

influenced by domain sizes in those cases represented by Figure 24 A, B

and D.

On the other hand, if either of the situations in Figures 24C or E

prevails, then very little spin diffusion need take place (only over mono-

mer dimensions). In such cases, magnetization transfer studies would

yield no information on domain sizes. Rather, magnetization transfer pro-

files would probably be exponential with the rates determined by the

residual dipolar interactions.

One criterion for determining the distribution of the mobile species

as being either throughout or excluded from the polymer phase is whether

the magnetization transferred between the mobile and polymer protons grows

exponentially or with a square-root-of-time dependence. Figure 25 illus-

trates these two growth profiles given by (1-e-t/to) and an arbitrary

straight line, passing through the origin, representing the function At.

Note that the function (1-e -t/to) has a substantial range where the

change with At is essentially linear. Thus, since diffusion controlled

behavior in a finite system is only linear at early times, this is where

distinctions between At and exponential behavior must be made. In gen-

eral, because the initial conditions in a practical case often involve fi-

nite (but non-equilibrium) magnetization residing in both the mobile and

more rigid proton systems, we cannot differentiate exponential from At be-

havior based on the respective x-intercepts of the linear portions of

curves such as those shown in Figure 25.

The real systems also have other problems, namely, that there is of-

ten not just a single proton containing species. For example, if residual

MSA molecules are present, the CH3 protons need not interact with the
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polymer protons as strongly as do the acid protons. This could then lead

to differential spin-diffusion behavior of the two kinds of MSA protons

even though both kind of protons might be dispersed physically into the

same regions.

Magnetization transfer between the mobile and rigid protons was meas-

ured in four samples; the data for only two such systems will be shown,

both corresponding to the 30% PBT/70% ABPBI systems. These are Samples F

and L, the latter presumably more phase-separated due to precipitation

from MSA at a concentration above that required for phase separation.

Figure 26 shows the spectra as a function of the delay time T in a

[ 9 0_x-50is-180y-50ps-90±x-T-90€(observe)-3s-]n experiment. This is a sim-

ple Hahn echo, followed by a restoration of the echo magnetization either

in the direction of, or opposite to the direction of Bo. After the varia-

ble delay, the magnetization is observed using a 900 pulse with transmit-

ter and receiver phase cycling which gets rid of certain interfering

multiple quantum coherences. 2 6  As T gets longer in Figure 26, the narrow

portion of the resonance, which was originally saved, decreases while the

broad polymer resonance grows due to magnetization transfer from mobile

protons. At 50 ms equilibrium has not yet been established as can be seen

by comparing that lineshape with the scaled Mo lineshape. The last spec-

trum of Figure 26 is the difference spectrum, amplified four times, be-

tween the 50 ms lineshape and the M. lineshape. Over 50 ms the mobile

proton magnetization has populated the polymer proton magnetization about

85-90% of the way to its equilibrium proportion. During the 50 ms, how-

ever, TIH processes were also at work changing the total integral by ap-

proximately 20% relative to the initial value.
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From the foregoing experiment it might be postulated that the PBT,

which contributes 22% of the polymer protons in the composite, is

phase-separated and thus accounts for the long tail of the equilibration

period in Figure 26. To test the hypothesis qualitatively we attempted

the reverse polarization transfer equipment, namely, that polarization

flow from the broad-line polymer protons to the narrow, mobile protons.

The preparation sequence was a 10 ms proton spin lock (see Figure 8) which

attenuates the narrow component 10 times more than the broad, but in do-

ing so, produces a less-than-sharp magnetization gradient. If the mobile

proton species is water and if it is more intimately interacting with the

ABPBI than PBT because the former is more hygroscopic, then the broad com-

ponent after 10 ms of spin locking is likely to be richer in PBT protons

than its usual 22%. If so, it will take longer to repopulate the narrow

protons in this experiment compared to the experiment of Figure 26. Fig-

ure 27 shows the results. The narrow-line magnetization indeed grows more

slowly, as expected, at early times. However, after 50 ms the narrow line

has recovered to 82% of its fractional intensity in the equilibrium

lineshape, a fraction similar to the experiment of Figure 26 after 50 ms of

spin diffusion.

Figure 28 shows narrow-line decay and growth curves obtained from the

data of Figures 26 and 27, respectively. Each point is divided by the to-

tal proton magnetization at that time in order to compensate approximately

for TIH decay. The steep decay for the experiment of Figure 26 compared

with the slower growth in the experiment of Figure 27 indicates immedi-

ately that the mobile species is not homogeneously distributed (e.g. Fig-

ures 24C and E) in the polymer. Therefore, the polymer composite is not

strictly a structurally homogeneous molecular composite which is consis-
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tent with the expectations based on the sample preparation method. As

mentioned earlier, the initial condition in the experiment of Figure 27

favors magnetization in more rigid regions and in regions more removed

from the mobile protons. Again if it is assumed that the most likely can-

didate for the mobile species in this sample is water, not removed from

the polymer via evacuation and preferentially in contact with the

hygroscopic ABPBI, then the TIH preparation of Figure 27 is probably rich

in PBT magnetization. If so, the spin diffusion experiment of Figure 27

indicates that most of the PBT, if phase separated, is not to be found in

micron-size domains but rather to be found in domains whose overall perio-

dicity in the narrowest direction and including the ABPBI phase, is

10-20 nm.

It is a bit surprising that the indicated domains are so small be-

cause the material was coagulated from a phase separated solution. How-

ever, since the macroscopic color of Sample L was not uniform, it is

possible that the sample selected for this experiment did not represent

the overall composition ratio.

The second sample (Sample F) of the 30% PBT/70% ABPBI, also

evacuated, showed very different behavior. The history of sample

preparation on this material is more obscure except that it was

coagulated from a single-phase solution, so more intimate mixing of the

phases is expected.

In contrast to Sample L, Sample F showed a narrow component whose

linewidth is 3 kHz compared with 1.2 kHz for Sample L. The narrow line in

Sample F consists of at least two components (see discussion concerning

Sample F in Section D. 3.). As a fraction, the narrow line intensity in

Sample F is only 12% compared with 39% in Sample L.
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Figure 29 gives proton spectra as a function of spin diffusion time

in a [ 90_x-25Js-180y-25hs-90±x-T-904 -(observe)-3s]n experiment. It is

seen that the high field portion of the narrow component is most resistant

to spin diffusion. This is also the narrower of the two narrow compo-

nents. In Figure 29, the last spectrum is a difference spectrum of the

50ms and Mo spectra. This difference spectrum shows the bias towards

the high field side of the line although there seems to be a sizeable rem-

nant of the low field component in the spectrum as well, judging by the

asymmetry of the base of the line.

Figure 30 gives spectra as a function of time in a spin diffusion ex-

periment where magnetization flows in the reverse direction. Just as in

Figure 27, a 10 ms T H preparation was used. Compared with the Mo spec-

trum at the top of Figure 30 little spin diffusion seems to be happening.

This can be seen more clearly via the difference spectra in the right hand

column of Figure 30. These spectra, amplified two times, were generated

by subtracting a variable amount of the Mo lineshape so as to null the

broad component. The principal contribution to these difference spectra

arises from the downfield portion of the narrow component. This is the

component most strongly coupled to the polymer by spin diffusion according

to Figure 29; however, this same magnetization seems to be very weakly

connected to the polymer proton magnetization surviving after 10 ms of

spin-locking. Thus, there is strong evidence in this material for domains

larger than 20 nm which are depleted of mobile protons. Therefore, Sample

F appears less homogeneous than Sample L even though the expectation is

the reverse. Our ability to distinguish between the inhomogeneous cases

given in Figure 24 A,B, and D requires more assumptions. Unless one can

eliminate the case of Figure 24D, the conclusion of phase separation does
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not immediately follow for Sample F. Qualitatively, the significantly

weaker coupling after 50 ms via spin diffusion of the polymer resonances

with the downfield narrow component in the experiment of Figure 30 com-

pared with that of Figure 29 points towards the phase separated structures

illustrated by Figure 24A and B.

The origin of the very weakly coupled resonance on the upfield side

of the narrow line region cannot be interpreted clearly unless these pro-

tons can be identified chemically. If they were the methyl protons

originating from methanesulfonic acid residues, then the dipolar interac-

tions of these protons with those of the polymer may indeed be much weaker

than the acid protons, thereby explaining the weaker coupling.

No plot of magnetization transfer is made for this system, partly

because of the difficulty of accurately analyzing each of the two nar-

row-line components and partly because the flow of magnetization is not

sufficient to bring the lineshapes close to their equilibrium shapes even

after 50 ms. The effect of TIH is to reduce the total lineshape integrals

in the experiments of Figures 29 and 30 by 16 ± 2% over 50 ms. The TIH

influence is larger than expected but not overwhelming. An attempt to

follow spin diffusion for longer times in order to obtain information

about larger dimensions would result in an unacceptably large contribution

to the magnetization change due to TIH.

Results from the other two samples upon which magnetization transfer

experiments were performed will simply be summarized:

Sample N (washed PBT film, sealed in vacuum): The narrow line is a 14%

contribution to the total proton intensity, but it consists of a downfield

and upfield component. The re-equilibration profiles due to spin diffu-
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sion after a "Hahn-echo" preparation are similar to Sample F in that the

low field part of the line is coupled much more strongly to the polymer

protonsthan the upfield component. Results indicate multiple mobile pro-

ton species in a structure (in this case a homopolymer solid) probably

like Figure 24D, i.e. the mobile species are not intimately mixed into the

lattice.

Sample P (unwashed, evacuated PBT film): The narrow-line component

represents a 14% contribution to the total proton intensity. The line

seems homogeneous in the sense that the upfield and downfield protons are

not separated. In the spin diffusion experiment with a Hahn-echo

preparation, equilibration is more than 90% complete after 40 ms of spin

diffusion. It proceeds as for sample L, but a little faster and more

completely. The rates are too slow for uniform dispersion of the mobile

species throughout the polymer lattice (Figure 24E). Rather, the

situation of Figure 24D probably prevails with the PBT domains having

minimum dimensions of less than 10 nm.

The conclusions from looking at rates of transfer of magnetization

from the mobile-proton species to the more rigid polymer protons is that

in neither the PBT homopolymer nor the 30%PBT/70% ABPBI samples studied

are the mobile protons unformly distributed in a homogeneous polymer

phase. This means that in the PBT, the mobile protons likely occupy de-

fect or void regions. This is also borne out by the TIH data which show

initial decay rates for the narrow components which are several times

those observed for the broad portions. This behavior persists over times

of a few ms again indicating that the rapid decrease in mobile proton

magnetization is not able to pull down the broad component resonances over
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millisecond timescales as would be expected if the mobile species were

dispersed into the polymer phase. On the other hand, washing the PBT fi-

bers introduces a second mobile species which is only weakly dipolar-cou-

pled to the polymer protons. The identity of these protons is not known.

Although the linewidth and upfield position suggest CH3 protons from re-

sidual MSA, appearance of the line only after extensive washing suggests

that it is not methyl protons since the concentration of methyl protons

should, if anything, fall upon washing. The absence of a distinguishable

methyl resonance in Sample P calls into question whether the methane

sulfonate ion is the counterion in this sample.

The PBT study is relevant to the interpretation of the magnetization

transfer experiment in the PBT/ABPBI composites. The PBT study indicates

that the mobile protons can interact reasonably strongly with the PBT

polymer as well as with the ABPBI polymer, even though the latter polymer

is more hygroscopic. Also, it is quite clear that the final mobile proton

content can vary widely (12 to 39%) in the composite samples, even after

evacuation. Since not enough is known about the preparation of both sam-

ples it must be acknowledged that there is no conclusive evidence in these

data that the mobile proton species interacts more strongly with ABPBI

molecules. Preparation history seems to have a larger influence on the

mobile proton content than does the polymer chemical composition. Thus,

the detection of large inhomogeneities in the distribution of the mobile

species in Sample F still leaves open the question of whether this

inhomogenity is, at one extreme, an inhomogeneity of polymer composition

or, at the other extreme, an inhomoeneous distribution of the mobile spe-

cies in an otherwise homogeneously mixed polymer blend (a molecular com-

posite).
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A possible accounting of these experimental results on Samples F and L

may be given on' the basis of published results in these systems. It it

known 3 0 from wide angle x-ray scattering (WAXS) that as-spun ABPBI shows

a lateral d-spacing of 0.78 nm. This spacing becomes 0.74 nm after exten-

sive washing and finally goes to 0.70 rm upon heat treatment. These spac-

ings may conceivably indicate the sequential removal, by washing and heat

treatment, of a mobile proton species from the polymer matrix. Thus, the

as-spun polymer molecules are very likely to have more intimate contact

with the mobile proton species and, following thorough washing and/or heat

treatment, the mobile species becomes more excluded from the polymer ma-

trix. Evidence of a similar progression is also observed in composite

fibers of PBT and ABPBI. 3 0 Whether the process of exclusion of the mobile

protons occurs homogeneously or heterogeneously throughout the polymer is

less clear. In any case, for Samples F and L we might speculate, based on

the much higher mobile proton content of Sample L, that Sample L did not

receive as thorough a washing (and/or no heat treatment) as Sample F may

have received. Thus, the mobile proton species would be expected to be

more intimately mixed with the polymer phase (as indicated by the experi-

mental results) in Sample L compared with Sample F. Furthermore, from the

PBT results it can be seen that the mobile species is quite intimately

mixed with the PBT chains in an unwashed sample. Therefore in Sample L

the mobile protons would also be expected to be present even in a phase

separated PBT phase, although probably at a lower concentration compared

with ABPBI. If, in addition, one considers the fact that the fraction of

the total PBT which separates in a phase separated solution of PBT and

ABPBI depends critically on how far above the critical concentration one

is30 (and we do not know the actual and critical concentrations for the
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solution from which Sample L was made) then it is clear that the experi-

ments just described for Sample L would not easily sense even a 20 or

30% fraction of the PBT molecules phase separated from the other mixed

PBT/ABPBI phase, particularly when both phases contain appreciable concen-

trations of intimately mixed mobile proton species. The ability to dis-

tinguish heterogeneity of structure using this technique would probably be

enhanced greatly by heat treatment (more so than washing), since heat

treatment should at least be capable of expelling the mobile proton spe-

cies from the large domains of PBT which would derive from the original

phase separated solution. 3 1 Sample F, then, may well have derived

its inferred heterogeneity of structure from washing or, more probably, a

heat treatment. It is known 3 0 that heat treated composites of PBT and

ABPBI possess d-spacings in WAXS typical of the individual homopolymers,

even when the composites are formed from solutions whose concentration are

less than the critical concentration, although higher order reflections

are generally much weaker or missing.

7. Experiments Using Multiple-Pulse Proton Irradiation to Prepare

Magnetization Gradients Followed by a Monitoring of Proton

Magnetization Using Proton-C-13 Cross Polarization

The experiment described in the foregoing heading is probably the best

conceptually for investigating domain structure since spin diffusion is

quenched by the application of the multiple pulse train. Thus, since

resolution of the polymer components is easier via the C-13 spectra, one

would be able to measure the inherent differences in proton relaxation be-

tween the polymer phases and, by suitably inserting a spin diffusion time
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between the multiple pulse period and the cross-polarization period, meas-

ure domain sizes both more accurately and with a knowledge of domain com-

position.

We tried these experiments on the Nylon/PBT composite, Sample I, using

a static sample (no MAS). Short (0.1 ms) cross-polarization times were

used to get a measure of the instantaneous proton magnetization levels.

The problem which we encountered was that the protons bound to C-13 nuclei

did not behave under multiple pulse trains like the bulk of the protons

which are bonded to non-magnetic C-12 nuclei. The C-13 bonded protons ex-

perienced a local dipolar field from the C-13 nuclei so that the multiple

pulse trains are applied up to 20 kHz away from resonance. That causes

these protons to have a different trajectory under multiple pulse than

their uncoupled neighbors. Consequently, cross-polarization intensities

for protonated carbons are very distorted since the trajectory of the pro-

tons must be known in order to spin-lock them subsequently for cross-po-

larization, and there are many trajectories because of the many

angular-dependent dipolar couplings. The cross-polarization intensities

do not become a good monitor of the local proton magnetization for ap-

proximately 1 ms in a spin diffusion experiment since it takes the better

part of a millisecond for a subset of proton spins in a homogeneous poly-

mer to equilibrate with their surroundings. A significant amount of early

time information is therefore unobservable. The difficulty of the experi-

ment is therefore not rewarded by the clarity of the results. Whereas cer-

tain refinements could certainly be added to the experiment, the

fundamental problem of the anomalous behavior of the C-13 bonded protons

still remains. Application of C-13 resonant decoupling during the multi-

ple pulse trains was also attempted. Results were better but distortions
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still remained. The use of MAS would allow one to select non-protonated

carbons to monitor the proton polarization. These carbon intensities

would be less susceptible to the distortion discussed above, but there are

other problems with using the non-protonated carbon resonances and MAS.

These are (a) greater sensitivity of the CP intensities to the matching of

rf power levels, (b) weaker signals because of the short CP times used,

and (c) greater difficulty doing multiple pulse well due to MAS.

The results obtained for the PBT/Nylon composite are not shown since

they were less definitive than the results given in Figures 20 and 21.

E. Summary of the NMR Results and Evaluation of the Applicability of the

NMR Methods to the Study of Molecular Composites

Several homopolymers, PBT, ABPBI, ABPBT, and Nylon, both oriented and

unoriented were studied by C-13 and proton NMR. In addition, preparations

of PBT/ABPBT, PBT/ABPBI, and PBT/Nylon 66 composites were studied, with

emphasis on the latter two.

Proton lineshapes indicated that most of these systems contain at

least one and sometimes two mobile proton species. Amounts of these mo-

bile species were seen to depend on whether the samples were sealed under

vacuum or exposed to normal laboratory humidity, but it seldom happened

that the mobile proton species could be eliminated by evacuation. After

evacuation these systems would typically have 12-40% of their protons in

the form of mobile protons. On the other hand, heat treatment of PBT or

PBT/Nylon composites at temperatures above 2500C (depending on the mate-

rial) reduced the level of mobile protons to the order of a percent or

less. In ABPBI, polymer'chains lost significant mobility upon removing

some of the volatile proton species (presumably water) by evacuation.
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Thus, in ABPBI exposed to laboratory levels of humidity (35-50% R.H), wa-

ter apparently interacts intimately with the polymer chains. This is rea-

sonable based on the hygroscopic nature of ABPBI.

The polymer proton linewidths in PBT showed sensitivity to heat treat-

ment; linewidth (FWHH's) were typically 24 kHz and 19 kHz for samples heat

treated and not heat treated, respectively. The latter samples also

showed a significant fraction of mobile protons. Since there are no

exchangeable protons on the PBT molecule as there are on the ABPBI mole-

cule, the difference in linewidths must principally indicate greater poly-

mer mobility and secondarily indicate a lower density (with smaller

internuclear dipolar interactions) prior to heating. Whether heat treat-

ment rigidifies the PBT chains by simple densification or by the elimina-

tion of an intimately mixed mobile proton species is not clear from the

lineshapes alone. Locating the mobile proton species, however, seems im-

portant from the mechanical properties point of view since a mobile proton

species in contact with the polymer chains at the molecular level could

promote chain mobility and chain slippage. Indeed, the modulus and

strength of as-spun PBT fibers is significantly lower than after heat

treatment.
3 2

In looking at two PBT samples coagulated out of MSA solutions it was

noted that the chemistry of the mobile proton species was partially al-

tered by washing, i.e. a second mobile proton species, having a

higher-field resonance position, was introduced. The identity of the sec-

ond species was not determined, but its affinity for and/or its intimacy

of mixing with the polymer chains was reduced relative to the lower-field

mobile-proton species. Affinity and intimacy of mixing were judged prin-

cipally by TIH measurements and measurements of magnetization transfer
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rates between the mobile species and the polymer protons. For PBT, both

washed and unwashed but not heat treated, the latter experiments gave sup-

port to the picture of the mobile proton species occupying defect regions.

However, the polymer domains bounded by the defect regions are not large

(010 nm) in their narrowest dimension judging by the magnetization trans-

fer (via spin diffusion) behavior. Finite lateral crystal sizes (6-8 nm)

and different kinds of ordered structures in PBT have also been reported

for fiber samples coagulated into a methanol/sulfolane bath. 3 3 The

absense of an obvious methyl resonance in the unwashed PBT was noted.

This would indicate that the mobile proton species is not residual methane

sulfonic acid, or it may indicate that the methyl sulfonate ion is quite

immobilized.

Different preparations of 30% PBT/70% ABPBI composites showed widely

variable mounts of mobile protons after evacuation, and, like PBT, either

one or two such mobile proton species were indicated. One of the samples

which was prepared from a phase-separated solution in MSA, surprisingly

showed a higher mobile proton content (and a smaller narrow domain

dimension) than another composite sample prepared from a true solution.

It was speculated that the higher mobile proton content was probably re-

lated to a less thorough washing and no heat treatment compared with the

sample prepared from solution. Therefore, it is reasonable to expect that

the regions devoid of the mobile species would be smaller before than af-

ter washing or heat treatment. In both cases, however, the mobile species

did not appear to be dispersed at the molecular level, judging again by

the TIH and magnetization transfer behavior.
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The wide variability in the mobile proton content did not allow for

definitive conclusions about intimacy of mixing of the polymer chains

themselves. For example, the recognition that ABPBI is more hygroscopic

than PBT did not necessarily mean that a 30% PBT/70% ABPBI composite

contained more mobile protons than the PBT homopolymer, after evacuation.

Thus, arguments identifying the inhomogeneity of distribution of the

mobile proton species with inhomogeneous composition (e.g. phase

separation) of the polymer domains were not convincing.

The role that the mobile protons play in complicating the NMR investi-

gation is even more pervasive. For example, the simple test for phase

separation, namely, that relaxation behavior be the superposition of the

homopolymer relaxation behavior, cannot be administered because spin dif-

fusion experiments verified that mobile proton species influence TjH and

T behavior. Superposition of Tixz behavior is about the only reasona-

ble criterion which could circumvent the complications due to variable mo-

bile proton content. However, it is seen in ABPBI and possibly even in

PBT that the mobile proton content influences polymer mobility and there-

fore Tixz also. Even though the mobile proton species are probably not

mixed at the molecular level, the amount of mobile protons may indirectly

influence chain mobility by being correlated with polymer domain size

which, in turn, determines surface to volume ratios, which in turn can in-

fluence molecular mobility via the distribution of free volume. So the

success of using the TIxz superposition criterion to probe possible phase

separation depends critically on whether the mobile proton species are ex-

cluded from the polymer domains and depends possibly on domain size.
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In the most ideal cases, the superposition of homopolymer C-13

relaxations (which are less susceptable to spin diffusion than proton

relaxations), such as T1C or TpC, could also be used to judge phase

separation in a composite. Again, however, if chain dynamics are influ-

enced by the mobile protons, then these criteria also fail. We did not

undertake any systematic C-13 relaxation investigation in this study prin-

cipally because these studies are of inherently low sensitivity and there

was limited time.

Future efforts could certainly be devoted to investigating

systematically, the identity of the mobile proton species, the change of

concentration of the mobile protons with processing, and the corresponding

changes in Tlxz, TjC, or TIpC behavior of the homopolymers and polymer

composites.

The spin diffusion experiments which were performed in these

materials were also influenced by the mobile protons because most

of the systems containing mobile protons had TH values between 100 and

300 Ms. With TIH in this range, TIH becomes a non-trivial perturbation on

the change of magnetization in a spin diffusion experiment, and this

limits the preciseness of interpretation of the experiments in terms of

domain size.

Therefore, the presence of the mobile proton species is seen as a

rather serious obstacle standing in the way of the characterization of

these materials by NMR. The advantages of being able to probe the

homogeneity of the polymer domains using spin diffusion between the mobile

and polymer protons does not offset the complications introduced into the

experiments designed to probe the intimacy of mixing of the polymer chains
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themselves in these composites. However, the identity and the location of

the mobile proton species may, in itself, be an interesting problem, and

here NMR is capable of providing considerable insight.

In terms of investigating by NMR the level of mixing in the polymer

composites, the nylon/PBT composite must be regarded as being the most

promising system for study. The proton lineshape of the composite was

very close to the superposition of the appropriately weighted homopolymer

lineshapes. It therefore followed that spin diffusion rates could be

measured by simply monitoring the proton lineshapes (a high sensitivity

experiment); moreover, the absence of significant line broadening for the

PBT or line narrowing for the nylon resonances indicated phase separation.

C-13 spectra, both non-spinning and with MAS, also resolved the nylon

and PBT resonances, and With greater certainty of assignment than in the

proton spectra. Proton spin diffusion behavior was monitored indirectly

using C-13 MAS spectra. Although there are some difficulties associated

with measurement of the proton magnetization at early times and although

the important assay of the total proton magnetization is indirect, never-

theless the long-time spin diffusion behavior seen via the C-13 nuclei

agreed well with that inferred from the direct proton observations. The

short time behavior observed by both techniques gave early slopes which

were about a factor of two different from one another. However, this fac-

tor of two variation is qualitatively understood in terms of the

experimental biases in the methods, so that in this heat-treated (at 2550

C) 60% PBT/40% nylon 66 it is concluded that the typical repeat distance

in the direction of the minimum domain dimension (probably perpendicular

to the PBT chains) is about 9-10 nm. This repeat distance includes both

the nylon and PBT phases. It is also seen, because of one's ability to
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distinguish crystalline from non-crystalline nylon resonances in CP-MAS

spectra, that the nylon/PBT composite has some regions of nylon

crystallinity. The factor of crystallinity is lower than that of a molded

plate of nylon 66, indicating that the presence of the PBT in the compos-

ite significantly inhibits nylon crystal growth. Moreover, it is the

crystalline regions of the spectra which are responsible for the long tail

of the equilibration in the spin diffusion experiment. Just how

intimately mixed is the nylon crystal phase with the PBT is more difficult

to determine. Qualitative indications in the spin diffusion experiment

are that the nylon crystalline phase is principally in contact with the

non-crystalline nylon chains, as opposed to PBT chains (not surprising).

Furthermore, the time required to equilibrate these crystalline protons is

significantly longer than for the non-crystalline material, meaning that

crystalline domains are probably less homogeneously dispersed among the

PBT chains than the non-crystalline chains and that the smallest

dimensions of the crystals do not exceed 10 nm.

It should be recognized that the evacuated nylon/ PBT sample con-

tained only a very small amount of mobile protons, and even when exposed

to normal laboratory humidity only picked up a few percent water protons.

Therefore, proton spin diffusion could still be followed pretty well by

C-13 NMR even though the mobile proton species were present and invisible

in the C-13 spectra. Introduction of large quantities of mobile protons

would certainly complicate the use of either proton and or C-13 NMR for

monitoring proton spin diffusion.

Use of non-spinning C-13 NMR for studying PBT/ABPBI (or PBT/ABPBT)

composites is very limited. It is easy to differentiate an oriented

specimen versus an unoriented specimen, but to distinguish clearly
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resonances belonging to either polymer is much more difficult. In film

samples of ABPBI and an ABPBI/PBT composite, each coagulated in water out

of MSA and then either drawn 2x when wet or not drawn, it was determined

by non-spinning C-13 NMR that the undrawn samples were quite highly

oriented, little additional orientation was produced by the 2x wet

drawing, and the PBT and the ABPBI were both oriented in the composite as

has been noted previously3 0 in heat-treated ABPBI/PBT composites using

WAXS.

CP-MAS techniques were shown to be capable of resolving PBT and ABPBI

resonances in the sense that the lowest field PBT resonance was isolated

from the ABPBI resonances. This can form the basis for a separation of

polymer resonances, however, there are two drawbacks. First, the

resonance has a very low sensitivity compared to other resonances; and

second, the carbon giving rise to this resonance is unprotonated and

therefore both difficult to cross-polarize and more sensitive to rf power

level matching. Therefore, separations based on full lineshape analysis

may be better. An area for future work would be to test the sensitivity

of PBT and ABPBI CP-MAS lineshapes to preparation history. This

possibility was not explored in this work but conceivably, the

disappearance of disorder in a sample and the expelling of mobile protons

could lead to lineshape changes, and, for the composite, the lineshapes

could qualitatively indicate the degree of order (or phase separation)

achieved.

For the 2x stretched ABPBI/PBT composite, an indirect measurement of

TjH via the C-13 CP-MAS intensities showed that PBT chains on average

had a very slightly (-ims) longer TIH than did the ABPBI chains. Thus,

this experiment was not very definitive with respect to the question of
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phase separation. The indication was only that a strict molecular

composite was unlikely; however, domains need not be more than 1-2 nm in

their minimum dimension in order to give the results obtained, but domains

could be larger.

The difficult experiment of combining multiple pulse relaxation with

cross-polarization was attempted. The hope in this experiment is to

isolate the proton relaxation behavior of individual sites and conduct

spin diffusion studies with the highest-resolution monitoring of the

proton magnetization levels (via C-13 proton cross-polarization). Results

showed that particularly the protonated carbon intensities Were badly

distorted, presumably because the protons bonded to these carbons are

being irradiated well off-resonance due to the C-13 proton dipolar

interaction. Thus, this experiment is not promising, at least not if the

first millisecond of spin diffusion is critical, which it often is in

systems whose minimum domain dimensions may only be a few tens of

nanometers.

The two composites, PBT/ABPBI and PBT/nylon represent very different

challenges for the application of NMR to the question of intimacy of

mixing. The former composite is very difficult to characterize because

its resonances can only be clearly distinguished using C-13 CP-MAS

techniques. Future efforts to characterize mixing in this material should

probably focus on those preparations in which the mobile proton species

have been reduced to an insignificant level (less than 2%) by, say, heat

treatment and washing. Then, along with homopolymers whose preparation

history is the same and whose mobile proton content is similarly low, one

should analyze T1xz behavior by applying the superpostion criterion as a

measure of phase separation. If the criterium is fulfilled, then one
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should attempt spin diffusion studies based on the Tjxz preparation to

determine domain sizes. 2 5 Or one should indirectly measure TIH

behavior using CP-MAS techniques to look at the tightness of coupling of

the TIH behavior of the individual components.

Even though characterizing mixing in the nylon/PBT system is much

easier because of the ease of differentiating resonances belonging to PBT

and nylon, an improved method, not discussed here, is to combine MAS with

multiple pulse irradiation and conduct a spin diffusion experiment using a

multiple pulse spectrum "readout". The idea is that the proton resonances

of the aliphatic nylon can be distinguished from the proton PBT resonances

using multiple pulse in combination with MAS. 3 4 Thus, one will be able to

evaluate the early time spin diffusion behavior with more clarity and

without the problems discussed in connection with the spin diffusion ex-

periments shown in Figures 18-21 of this study. This experiment also has

the advantage of the sensitivity of the protons.

In general, then, composites of aliphatic or partly aliphatic

polymers with PBT will be much more amenable to characterization by NMR

for intimacy of mixing than will fully aromatic composites.

As a final comment, the full deuteration of one polymer species and

the subsequent demonstration of cross-polarization for carbons on that

polymer from protons on the other polymer can be taken as conclusive evi-

dence for mixing on a 0.4-0.5 nm scale. This method is not advocated at

this time because of the pervasiveness of the mobile (and yet reasonably

strongly interacting) protons, which may cause some cross polarization or

chemical exchange with labile deuterons, and because of the difficulty and

expense of synthesizing good, high molecular weight materials. As men-

tioned earlier, C-13 labelling of certain sites on both chains could also
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be used to test for intimate mixing on a 0.5-0.6 nm scale via an indication

of C-13 to C-13 spin exchange between carbons on different polymers. This

experiment also provides unambiguous evidence for intimate mixing, par-

ticularly if the distance between labelled sites on a given chain is com-

parable or greater than typical distances separating chains. Again,

however, we assume that these experiments are out of the question for the

reasons just given. Nevertheless, should synthesis become easier at any

time, then these experiments ought to be considered.

III. ELECTRON SPIN RESONANCE STUDIES

The generation of free radicals upon deformation and fracture of

semicrystalline and glassy polymers has been established from electron

spin resonance.35,3 6  Measurements of molecular weight degradation and

increase in the number of polymer chain end groups have confirmed that the

free radicals are generated by scission of carbon-carbon bonds along the

polymer backbone. 3 6 - 3 9  The growth of the free radical concentration with

strain of nylon-6 fibers is illustrated in figure 31. Associated with the

generation of free radicals is the degradation of molecular weight as

shown in figure 32 where the fractional loss in viscosity-averaged molecu-

lar weight of nylon-6 fibers is also plotted as a function of strain.

Comparison of these two plots shows a direct correspondence between gen-

eration of free radicals and molecular weight decrease. These observa-

tions support a model of carbon-carbon bond scission with mechanical

stress.40 The rupture of polymer backbone bonds also leads to an increased

concentration of chain end groups which has been confirmed by infrared

spectroscopy. 36,38,40
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A recent report by Brown et al.41 of the observation of stress in-

duced free radicals in fibers of poly(p-phenylene terephthalamide) (PPTA)

rigid rod polymers suggests that similar phenomena may also occur in PBT.

A factor complicating ESR measurements of mechanical stress induced free

radicals in rigid rod polymers is that large initial concentrations of

free radicals may be present as a result of processing in strong acid and

the presence of varying amounts of paramagnetic transition metal ions.

These initial concentrations may complicate the measurement of the rela-

tively low numbers of free radicals produced during mechanical deforma-

tion.

Fiber specimens of PBT produced under the names AFTECH 1 and AFTECH

2 were obtained from the Wright-Patterson Materials Laboratory. The fi-

bers were examined for free radicals as received and after thermal treat-

ment. Mechanically induced free radicals were observed in annealed fibers

that had been strained to rupture and other fibers which were crushed un-

der liquid nitrogen. The measurements were conducted with a Varian E-3

spectrometer 1 6 located in the laboratory of Professor K. L. DeVries at

the University of Utah. Both types of AFTECH fibers as received gave ap-

preciable ESR signals that diminished with thermal treatment as shown in

figures 33 and 34. The amount of specimen available for both fiber types

was insufficient for detailed analytical studies of the type and amounts

of free radical species present. Nonetheless, comparative studies of the

effects of thermal and mechanical stress treatments could be made as could

direct comparison of the relative amounts of free radicals in the two fi-

ber types.'
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The spectra shown in figures 33 and 34 indicate that free radicals are

present in the samples as obtained. The instrument gain used to record

the spectra of the AFTECH 2 specimen was 10% of that used to obtain the

spectra of the AFTECH 1 from which it is concluded that the initial con-

centration of free radicals in the AFTECH 2 fibers was approximately 70

times larger than that in AFTECH 1. Free radicals have also been detected

in PPTA fibers prior to either mechanical stressing or thermal treat-

ment. 4 1 In this case, the free radicals were attributed to paramagnetic

transition metal ions and to organic species. As pointed out above, the

present investigations were limited in terms of quantitative results by

insufficient material, and the origins of the initial ESR signals were not

addressed. Clearly, the effect of thermal treatment of the PBT fibers at

temperatures of up to 2050 C for 16 h was to reduce the initially observed

signals by about 30%. A similar result was reported for PPTA, 4 1 but in

this case a reduction of 90% of the original signal was achieved by heat-

ing at 2500 C for 15 h. The reductions are attributed to recombinations of

the organic type free radicals owing to the increased molecular mobility

of the polymers at high temperature. The free radical reduction is sur-

prising considering the high temperature treatments the fibers are sub-

jected to during processing. Nonetheless, additional thermal treatments

were necessary to achieve minimal levels of free radicals prior to defor-

mation since low free radical concentrations were expected from mechanical

stressing as compared to the original signals.

The effect on the ESR signal of stressing the AFTECH 2 fibers to

rupture is shown in figure 34. The concentration of free radical species

present can be found through double integration of the ESR first deriva-

tive spectra which are displayed in figures 33 and 34. By this method an
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approximate increase of 6% in free radical signal was obtained for the

tensile fractured AFTECH 2 fibers. A similar result was found for the

AFTECH 1 fibers as shown in figure 35. An intermediate spectrum obtained

when the AFTECH 1 fibers were strained but not ruptured is also shown in

this figure. This last mentioned spectrum is of significance since it in-

dicates that free radicals were generated during deformation prior to

rupture. The increase in this case was less than that observed subsequent

to rupture as would be expected. Free radical generation with strain prior

to rupture indicates that chain scission is involved in deformation as

well as chain slippage and the associated rupture and reformation of van

der Waals bonds between polymer molecules.

A second type of deformation used was to crush the PBT fibers under

liquid nitrogen. Grinding of thermoplastics at liquid nitrogen

temperatures has been used to obtain large numbers of free radicals that

result from the extensive amount of fracture produced under these

conditions.3 8 The fractured PBT specimens were transferred to the ESR

instrument and the spectra recorded before and after warming to room

temperature. The differences between the low and room temperature spectra

indicate the amounts of free radicals produced in the AFTECH 1 and AFTECH

2 fibers by grinding under liquid nitrogen. The spectra are shown in

figures 33b and 34b and the differences account for a 29% increase in the

case of AFTECH 1 and 27% increase in the case of 4FTECH 2. The

substantially larger increases observed in these experiments compared to

the strain-to-rupture measurements is consistent with the reported

findings for other polymers in which such comparisons were made.38
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The conditions under which the PBT spectra were obtained, particu-

larly, in the stressed induced situations, differed from that reported for

PPTA.41 Whereas we were able to find an increase in room temperature re-

corded spectra under strain-to-rupture conditions, Brown et al. were una-

ble to observe changes in the free radical concentrations of PPTA unless

the mechanical stressing was conducted at cryogenic temperatures similar

to our crushing experiments.41 One possible explanation is that the PPTA

molecules have more mobility at a given temperature than do the PBT mole-

cules. This would also explain why the percentage reduction in the ESR

signal obtained by thermal treatment was larger in PPTA than in PBT.

The conclusions reached in the ESR investigations were that signals

could be obtained from PBT fibers, and that the signals increased with me-

chanical deformation in both straining and crushing experiments indicating

that molecular chain scission was associated with mechanical deformation.

A more complete ESR study coupled with IR and/or viscometry should reveal

the magnitude of this effect and shed light on the degree to which these

molecular processes limit the performance of rigid rod polymer fibers.

IV. FLUORESCENCE SPECTROSCOPY

As the electronic states of molecules are strongly dependent on the

nature of the chemical bonding and molecular conformation, the electronic

absorption and emission spectra are potentially useful probes of these as-,

pects of structure. To date, little has been reported42,43 on the absorp-

tion spectra of the PBT type rigid rod polymers, and to our knowledge, no

investigations involving fluorescence spectroscopy have been published.

The dearth of data on absorption spectroscopy is not surprising owing to

the strong electronic absorptions exhibited by the aromatic heterocyclic
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groups and the characteristic metallic lustre exhibited in the solid

state. The difficulty, particularly with respect to solid state spectros-

copy, is to obtain sufficiently thin specimens for light transmission. In

fact, the maximal thickness that can be tolerated for transmission studies

may be less than that needed for the absorption spectrum to be character-

istic of the bulk. Previous studies of the electronic absorption and re-

flection spectra of solid state specimens of organic dyes which possess

metallic lustre characteristic of strong electronic transitions in the

visible range have shown that the electronic state absorption profiles may

change significantly as a function of sample thickness.44,45 These stud-

ies also showed that electronic state spectra are sensitive to the state

of aggregation. For these reasons, fluorescence spectroscopy, which does

not depend on having thin specimens, may be the preferred way of probing

the electronic states for information of the structure of rigid rod poly-

mers.

There are three basic types of fluorescence measurements that may be

informative for rigid rod polymers and their composites. (1) Polarized

fluorescence may be used to determine the degree of orientation of speci-

mens in the presence and absence of mechanical stress. (2) Steady-state

fluorescence of solutions or molecular composites of rigid rod polymers

as a function of concentration may be used to elucidate the degree to

which polymer-polymer interactions are affected by concentration. (3)

Time-resolved intensities of polarized fluorescence from dilute solutions

of these polymers would provide information on torsional rigidities, which

may relate directly to performance as reinforcing polymers. In the present

83



investigation, the focus has been on steady-state fluorescence

measurements which bear on the question of the degree of aggregation of

rigid rod polymers used as reinforcements in molecular composites.

Steady state fluorescence measurements were conducted on an ABPBT

fiber, a PBT film, and molecular composites of PBT with nylon. All sam-

ples were obtained from the Wright-Patterson Materials Laboratory and are

referred to as the "as-received" materials. Fluorescence spectra were ob-

tained with a SPEX1 6 fluorimeter equipped with a high pressure Xenon

source and phototube with photon counting electronics. The emission spec-

trum of the ABPBT fiber excited with 515 nm radiation is shown in figure

36, and exhibits a broad band centered near 580 nm. The other spectrum in

figure 36 is the excitation spectrum obtained as a plot of the fluores-

cence intensity at 585 nm as a function of the frequency of the exciting

light. This curve should mirror the solid state absorption spectrum. The

broad band is attributed to intermolecular interactions in the solid state

structure as will become apparent in the following discussion. The emis-

sion spectrum of ABPBT dissolved in methane sulfonic acid (MSA), shown in

figure 37, differs substantially from that of the solid state sample. The

ABPBT concentration was lower than that required for intermolecular asso-

ciation. The dilute solution fluorescence spectrum is typical in that it

mirrors the absorption spectrum14 with the overlap of the absorption and

emission spectra occurring ntar 420 nm, tIe frequency corresponding to the

transition from the zeroth vibronic ýevel of the ground electronic state

to the zeroth level of the excited state. Of course, the solution spec-

trum is of a protonated species (at the nitrogen) while the solid state

spectrum may be either protonated or unprotonated depending on the amount

of residual acid present. The effect of protonation was examined by com-
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paring the emission spectrum of as-received ABPBT with that of ABPBT pre-

cipitated from MSA by the addition of water followed by successive

washings with water to remove any residual acid. This procedure produced

the emission spectrum shown by the dashed curve in figure 38. This spec-

trum has the same profile as that of the as-received specimen from which

it is concluded that the 580 nm band is not due to an impurity. Exposure of

the acid-free ABPBT to concentrated HCL solution and HCL vapor produced

the emission spectra shown as solid curves in figure 38. In this case,

the broad band at 580 nm has been greatly reduced in intensity and shifted

to longer wavelengths. Thus, the broad band at 580 nm is attributed to the

unprotonated ABPBT molecule in the solid state and the broad band at 618 nm

to the protonated ABPBT molecule in the solid state. The frequency shift

to longer wavelengths with protonation is similar to the behavior found

for the absorption spectra between protonated and unprotonated solvents.43

Attempts to obtain an emission spectrum from the PBT film as received

were unsuccessful. For this reason, the PBT was extracted with MSA and

the precipitate obtained by addition of water was examined. The PBT film

was not entirely soluble in MSA, but the material extracted in solution

produced the emission spectrum shown in figure 39. This spectrum is simi-

lar to that of ABPBT, figure 37, which means that the resonance effect

along the polymer chain axis does not affect the emission spectra to any

appreciable extent. Whereas the PBT molecule is thought toadopt a rigid

rod structure in solution, the ABPBT molecule is more flexible which would

decrease the tendency for electron delocalization between benzothiazole

groups.
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The solution fluorescence and excitation spectra of the PBT extract

are plotted in figure 40. The excitation spectrum is obtained by monitor-

ing the emission at 497 nm while the exciting wavelength is scanned through

the absorption region. The fluorescence intensity is ratioed to that of

the exciting light to cancel out effects of variable intensity of the

excitation light. Peaks in the excitation spectrum occur at wavelengths

where there is a maximum in the absorption spectrum. This excitation

spectrum is quite similar to the observed absorption spectrum.43 The

concentration of PBT used to obtain the fluorescence spectra was lower

than that at which liquid crystals are obtained.

The emission and excitation spectra of the PBT coagulants are shown

in figure 41. The shape of the emission spectrum is similar to that ex-

hibited by ABPBT although the bano maximum occurs at a slightly lower

wavelength. Comparison of the solid state fluorescence spectrum to that

in dilute solution shows that the broad longer wavelength band of the

solid state can be attributed to the effect of aggregation.

The final emission spectrum was obtained on a molecular composite

of PBT and nylon. This spectrum, shown in figure 41, is similar to that of

PBT in the solid state. From this observation it is concluded that the PBT

molecules in the molecular composite are aggregated.

From the exploratory fluorescence studies it appears that this ap-

proach can provide information concerning the degree of aggregation in mo-

lecular composites. The solid state spectra are distinctly different from

those of the polymer molecules in dilute solution. To quantify these

'indings in terms of size of the clusters will take additional work.

Clearly, experiments should be conducted as a function of concentration

in solution to determine to what degree the liquid crystal state affects
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the emission spectra. In addition, the fluorescence spectra of model com-

pounds soluble in nonprotonated solvents should be examined. Together

with studies of a series of PBT-nylon composites with varying morphology

and composition, a better picture of the potential of fluorescence spec-

troscopy to elucidate the structure of molecular composites of rigid rod

polymers could be obtained.

V. HIGH PRESSURE X-RAY DIFFRACTION

A. Introduction

Polymers exhibit a rich variety of crystal phase transitions. These

ineaude crystal-crystal, order-disorder, reversible and irreversible

transitions. They can be induced by changes in temperature, tensile

stress, electric fields, hydrostatic pressure and the concentration of

small molecules such as water. Further, by combinations of more than one

of these parameters, it is possible to produce structures that might not

otherwise occur.

The latter result is of special interest with respect to poly

(benzobisthiazole) (PBT) which crystallizes with the crystals disordered

by random displacements of the molecules along their axes. The disorder

probably occurs because of the large number of energy minima occurring as

the chains are slid by one another.46 It is thought that this disorder

contributes to the less than desired performance of PBT fibers in

compression. Since the reduced performance could limit the use of these

fibers in high performance composites, means of improving the order of the

crystals are of interest.
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B. Approach

The application of either pressure or a combination of temperature

and pressure has the possibility of producing crystals with increased or-

der. For example, a similar disorder with random displacements of the

molecules along their axes in polytetrafluorethylene 4 7 can be reversed by

the application of pressure which generates a well-ordered phase.48,49

Further, if the pressure is applied at high temperatures and the sample is

then cooled to low temperatures, the pressure can be removed and the or-

dered material recovered at atmospheric pressure. 5 0 It is possible that a

similar effect will occur for PBT, but will occur in a higher temperature

range because of the more "rigid" nature of the PBT molecules. Because of

this nature, application of either pressure or pressure and temperature of

the PBT in the presence of small concentrations of a material such as

polyphosphoric acid might be a more effective procedure than the applica-

tion of either pressure or pressure and temperaturealone. The application

of pressure and temperature to previously unannealed neat fibers of PBT

might also lead to significantly improved order. It is known, for exam-

ple, that annealing alone yields modest improvements in the order.

For the investigation of the effects of various pressure treatments,

the use of x-ray diffraction techniques are very important. Further, it

is desirable to make measurements at pressure in order to follow changes.

The diamond anvil cell is a very useful instrument for applying high pres-

sure (up to -20,000 MPa) to a sample and examining its structure by x-ray

diffraction. 5 1 The cell is shown in the diagram in Figure 43. The

diagram illustrates one possible limitation of the technique--that is, the

very small sample size from which it may be difficult to obtain a useable

x-ray signal.
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C. Object

The object of this work is to carry out exploratory measurements to

determine whether satisfactory x-ray data can be obtained for PBT using

the diamond anvil cell and rotating anode x-ray source. Another object is

to look for evidence of structure changes at elevated pressures.

D. Experimental

The cell is used in conjunction with a Rigaku Denki RU 200 rotating

anode x-ray source which can be operated at 200mA tube current and 60kV

with a fine focal spot size. The cell available for the initial

measurements was suited for use at ambient temperatures in conjunction

with an energy dispersive detector set at a fixed diffracting angle.

Thus, it could generate an x-ray pattern equivalent to a conventional

diffractometer powder pattern.

In light of this capability of the cell and detector, it was decided

to attempt to obtain these initial data with the unoriented PBT dope

rather than the highly oriented fibers. It would be very difficult to

align the later correctly with respect to the detector. The dope chosen

was SRI polyphosphoric acid dope 2895-89 of 25 IV at 15.7% solids. It had

"solidified" in an extrusion cylinder at Celanese and could not be

extruded. After removal from the system, it had a much duller color than

the original dope and was very stiff. It had been stored in a jar and had

not flowed under its own weight during 1 year.

Pentane was used as the hydraulic fluid pressure fluid in order to

reduce both unwanted interactions with the sample and unwanted scattering

of the x-rays by the fluid. Further, in order to avoid crystallization of

the fluid at elevated pressure, a 50:50 v/v mixture of n-pentane and
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iso pentane was used. Because of the relatively high vapor pressure of

these materials at room temperature, both they and the cell were cooled to

about 0 C for the filling of the cell.

E. Results

Wide-angle powder patterns taken in the conventional manner with a

flat plate camera at room temperature and one atmosphere confirmed that

the dope was unoriented. These were taken in different regions of the

sample and with the beam incident in three mutually perpendicular direc-

tions with respect to the sample. All the results are very similar to the

one shown in Figure 44. There is a rather broad diffuse ring with a some-

what sharp one near the small angle "edge" of it. This sharper-ring cor-

responds to about 12.40 AO which is close to the repeat of PBT. 5 2 The

pattern contains fewer sharp lines than have been reported for 11% poly

(benzobisoxazole) in 100% H2 SO1 4 . 5 3 Very likely this difference is just a

result of being in relatively different portions of the phase diagrams for

the polymer-acid systems. Such differences are exhibited by a 22% poly

(p-phenylene terephthalamide) -sulfuric acid system at temperatures of 90

C (diffuse line) and 25 C (sharp lines). 5 4

When the dope was cut to produce the very small piece needed for the

high-pressure cell, some deformation occurred and the sample was very

likely oriented. Nevertheless, useful data were obtained. These are

shown in figure 45 in which intensity is plotted vs d* (=I/d) for an

applied pressure of 1,270 MPa. At least one peak corresponding to a

smaller spacing (-4.7 AO) has now been introduced and there appears to be

a few others which are rather weak. Thus the structure of the dope

appears to have undergone some change upon the application of 12,700 atm.

The pressure probably changed the location of the sample on the phase
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diagram. The disappearance of the peak corresponding to about 12.4A0 at 1

atm is no doubt a consequence of the sample having been oriented during

the process of preparing it for the high-pressure cell. It would be very

difficult to align an oriented sample so that a given set of planes were

in the proper orientation for detection by the energy dispersive detector.

F. Conclusions and Recommendations

The diamond anvil cell can be used in conjunction with a rotating

anode x-ray source to produce useful diffraction data for PBT. It has

been shown that the application of 1,270 MPa to PBT-polyphosphoric acid

dope causes structural changes.

Thus, this work has shown that it would be fruitful now to proceed

with an investigation of the structure of both the dope and the fiber as a

function of pressure and temperature (composition should also be varied

for the dope). This will permit us to answer the question of whether a

high pressure route to a fiber with improved order can be found (as was

discussed in the Approach Section).

However, these further investigations should be carried out with film

rather than the energy dispersive detector. Then one would be able to

obtain useful data with the oriented dope and even with the highly

oriented fiber. It would be desirable also to carry these measurements

out on the synchrotron in order to accelerate the data acquisition

process. The use of an x-ray image intensifier would also offer

advantages.
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200 MHZ proton spectra for Samples A-F. From top to bottom Spectra

A-F correspond to Samples D, A, F, E, C and B respectively. Chemical

structures for the three monomers involved are also given. The

alignment of the frequency axis in these spectra is only approximate

from one spectrum to another. All samples shown here were in

unsealed tubes exposed to air.
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Figure 2

Comparison of proton lineshapes in the ABPBI "heart cut" film in

going from an ambient to an evacuated sample. Note the large

reduction in mobile proton content and the increase in linewidth for

the broader polymer resonance in the evacuated sample.
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Figure 3

Comparison of proton lineshapes for unwashed (Sample P) and washed
(Sample N) PBT films coagulated from MSA solution. The washed
sample possesses a broader narrow resonance, which is shown by the
difference spectrum (and other relaxation experiments) to be due to
the presence of a second mobile proton component of about I kHz
linewidth. The two components of the narrow line in Spectrum B are
shifted 5-6 ppm from one another.
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Figure 4

200 MHz proton spectra of AFTECH I PBT fibers. Spectrum A is the
spectrum of an oriented bundle of fibers in an evacuated tube,
Spectrum B corresponds to an unoriented evacuated sample, and
Spectrum C to an unoriented fiber sample exposed to air and
laboratory humidity for several months. Note that there is no
significant retention of a mobile proton species such as water in the
latter sample compared to Spectrum B. The small difference shown by
the lower spectrum could be impurities introduced by handling since
they are only 0.4% of the total intensity.
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Figure 5

Proton spectra of Sample A (open tube) both before and after partial
relaxation during a 24ms HREV-8 multiple pulse irradiation. The
film is macroscopically oriented with its draw direction parallel to
Bo. Aside from an overall attenuation of the signal, the principal
lineshape change is associated with the preferentially faster decay
of the more mobile proton species resonating in the central
multiplet.
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Figure 6

Proton spectra of the same, unevacuated samples as in Figure 1.
These spectra are taken by stroboscopically sampling once per cycle
during a train of MREV-8 pulse cycles. These spectra principally
indicate chemical shift broadening and magnetic susceptibility
broadening since dipolar interactions are quenched. Note that the
frequency scale is greatly expanded compared with Figure 1. Note
also, however, that the narrow lines, so evident in Figure IC-IF,
have acquired linewidths comparable to the polymer resonances because
the residual dipolar interactions of the mobile protons are not
significantly reduced by the multiple pulse irradiation.
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Figure 7

Proton lineshape changes in Sample C (unsealed) as a function of
spin-locking time (rf field strength is 83 kHz). Times in ms are
indicated at the base of each resonance; relative amplification
factors are given at the top of the resonances where the factor
changes. Note the exceedingly rapid decay of the downfield side of
the narrow resonance, leaving a 1 kHz wide upfield region. The noisy
region downfield from the narrow resonance is not significant; it is
associated with low frequency noise near the rf carrier frequency.
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Figure 8

Decay curves for the spin locked magnetization (rf field strength is
83 kHz) for two composite samples (F and L) of 70% ABPBI/30% PBT.
Both samples are in evacuated tubes. The broad component decay of
both samples is shown along with the narrow component of Sample L.
The increasing decay rate of the broad component at early time in
Sample L indicates a dipolar coupling, via proton spin diffusion,
with the mobile protons in the narrow component. On the other hand,
the divergence of the broad and narrow magnetizations at later times
indicates that the mobile protons are not distributed evenly
throughout the polymer on a molecular scale. Since Sample F is
processed from a true solution and Sample L from a higher
concentration, phase-separated solution, one expects to see the
slower decay signature of the PBT homopolymer at longer times for
Sample L. This is not seen partly due to the influence of the mobile
proton species which can exist in the PBT phase as well.
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Figure 9

TIH decay curves for Sample G,M,I and Q (top to bottom
respectively). All samples are in evacuated tubes. The fact that
the decay of the annealed nylon/PBT sample is not intermediate
between the PBT and the nylon molded plate strongly suggests that the
nylon and the PBT are intimately enough mixed in the composite so as
to lower the chain order in the nylon more towards the lower
crystallinity nylon pellets.
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Figure 10

50 MHz 13 C CP spectra of macroscopically oriented Samples K (A and B)
and J (C). BO is perpendicular to the draw axis in Spectrum A and
parallel in Spectra B and C. The shoulder at 25 ppm in Spectrum A is
associated with the normals to the aromatic rings parallel to Bo.
The near absence of this shoulder in Spectra B and C indicates that
the chains have a strong projection along the draw direction. The
stronger downfield shoulder in Spectrum C relative to B indicates
that the PBT is also oriented in the composite (see Figure 11). Note
that the precursor to Sample K before the 2X stretch, was also run.
This oriented sample gave the same spectrum as Spectrum B. Therefore
the 2X wet drawing did not impart the primary orientation into this
sample.
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Figure 11

50 MHz 13 C CP spectrum of an oriented bundle of PBT fibers (Sample
G). The CP time is 0.5 ms and 10,000 scans were taken. The strong
PBT resonance at 230 ppm is not nearly as pronounced in the oriented
ABPBI spectrum of Figure 10B and may provide a semiquantitative basis
for separating PBT and ABPBI signals in highly:oriented composite
samples.
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Figure 12

50 MHz 1 3 C CP spectra of an oriented bundle of PBT fibers (Sample G).
The dependence of the lineshape on CP time illustrates the
differential polarization behavior of protonated and unprotonated
carbons. The stronger peak near 160 ppm is very likely the
protonated phenylene carbons of PBT.
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Figure 13

50 MHz 1 3 C CP spectra of two unoriented composite films, Samples K
and I: 30% PBT/70% ABPBI (A) and 60% PBT/40% nylon (B). Both spec-
tra were taken with a 0.5 ms CP time. Note the lack of distinct
resonance features in (A) since the chemical shift anisotropy pro-
files of aromatic carbons are quite similar. In contrast the much
narrower shift anisotropy patterns of aliphatic carbons render the
aliphatic nylon resonances in (B) quite distinct from the PBT reso-
nances.
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Figure 14

Different 50 MHz 13 C CP-MAS spectra of the ABPBI film (Sample K prior
to the 2X stretching). In spectrum A, the decoupler was turned off
for 40 Vs prior to sample observation with decoupling. This prepara-
tion causes the protonated carbon resonances to vanish. Spectrum B
employs a 0.1 ms CP time so as to enhance the protonated carbon reso-
nances with respect to those that are unprotonated. Spectrum C is
taken with a more typical Ims CP time so that both the protonated and
non-protonated resonances have comparable intensities. Arrows point
to the positions of centerbands and the arrows with the number 12t
indicate that two carbons contribute. The two carbons at highest
field plus one of the carbons at 121 ppm are protonated. All other
resonances are spinning sidebands of the central resonaces. The
spinning frequency was 2.75 kHz.
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Figure 15

15 MHz CP-MAS spectrum of PBT fibers (Sample G). Note that spinning
sidebands are virtually absent at a 2.2 kHz spinning frequency. Five
of the seven inequivalent carbons are resolved; the three protonated
carbons occupy the two highest field resonances as determined by
experiments similar to those in Figure 14.
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Figure 16

50 MHz 1 3 C CP-MAS spectra of Samples M (upper) and I (lower). In the
latter spectrum, the centerband resonances are denoted by n (nylon)
and p (PBT). Note the larger proportion of the sharp-line (crystal-
line) component in the aliphatiac nylon region (20-50 ppm) of Sample
M compared with Sample I. These spectra show that the composite con-
tains nylon crystalline regions; however, the crystallinity is lower
than it would be in a molded plate of the nylon homopolymer.
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Figure 17

50 MHz 1 3 C CP-MAS spectra and difference spectra of Sample J as a
function of proton spin-locking time, prior to a 1 ms CP period. The
arrow points to the single (PBT) resonance which is completely
resolvable. Even though the total signal is diminishing according
to the total integral, I, given on the right, spectra A,B and C are
normalized to the same total intensity for lineshape comparison. At
longer spin locking times the PBT resonance gains strength over the
ABPBI resonance, thereby indicating a slightly longer Tip for PBT.
The inequality of the Tip's suggests that this sample does not
strictly represent a molecular composite.
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Figure 18

200 MHz proton spectra of Sample I as a function of t in the spin
diffusion pulse sequence given. The dipolar echo preparation
selectively preserves PBT magnetization because of weaker average
dipolar couplings. As spin diffusion progresses (longer t values)
the lineshape returns to a shape close to its equilibrium (Mo) shape,
as judged by the final difference spectrum. The slight decay of the
total magnetization, I, is indicated for some of the t values; this
decay gives a measure of the interference from TIH processes. The
growth of the nylon signal is evidenced by the growth of the broader
skirts of the lineshape at longer times.
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Figure 19

Growth of the nylon component magnetization from the data in Figure
18. Lineshape decomposition was based on a spectral component having
the shape of the nylon 66 homopolymer, Sample M. The triangles are
the uncorrected data based on the initial total proton magnetization
at t=0.05 ms. The circles are corrected data derived from the
uncorrected data by dividing by the total lineshape integral at that
value of t. The dashed line defines the initial slope.
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Figure 20

50 MHz 1 3 C CP-MAS spectra as a function of the proton spin diffusion
time. The pulse sequence is discussed in the text. The spectra are
taken with a relatively short (0.2 ms) CP time following both
magnetization gradient preparation and a proton spin diffusion time.
Centerband resonances for nylon (N) and PBT (P) are labelled;
spinning sidebands are indicated by an 'X'. The PBT spectra are
somewhat distorted as a result of the more complete CP of the
protonated carbons relative to the unprotonated carbons. Transfer of
proton magnetization from the PBT to the nylon protons is reflected
in the growth of the nylon and the reduction of the PBT resonances.
For a conserved proton magnetization during spin diffusion, nylon 1 3 C

signals grow more slowly than PBT 1 3 C signals decay. The equilibrium
(Mo) spectrum is also taken with a 0.2ms CP time. In the right hand
column difference spectra of the aliphatic nylon region are
displayed. These difference spectra result from scaling the Mo
spectrum to match the amplitude of the protonated aromatic resonances
of PBT at each value of the diffusion time. Thus, these difference
spectra give a qualitative measure of the approach to proton spin
equilibrium.
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Figure 21

Plots of the relative growth of nylon magnetization and the decay of
PBT magnetization as a function of the square root of the diffusion
time, t, for the Spectra of Sample I in Figure 20. The
correspondence between carbons and the different curves is indicated
in the figure. Data have been corrected for TjH effects (see Figure
19). Note the anomalous behavior of the protonated PBT intensity at
early times. The dashed curves give the linear-shopes at early time.
If the CP intensities were true monitors of the proton polarization,
then these dashed curves ought to intersect the equilibrium line at
the same place. The fact that they do not exposes the experimental
biases discussed in the text. The two intersection points should,
however, bracket the true intersection point.
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Figure 22

13C CP-MAS spectra resulting from the unsuccessful attempt to observe
evidence of intimate mixing in Sample I using the relatively ineffi-
cient 1 3 C spin diffusion. The upper spectrum is the normal CP spec-
trum and is used for reference. The pulse sequence indicated
utilizes 13 C rf phases orthogonal to the CP pulse for the ± z restore
portion of the pulse sequence. This preserves magnetization along Bo
near the rf carrier. The 0.052 ms interval is chosen to null ap-
proximately the aliphatic nylon resonances after the ± z restore
pulses. The proton decoupler is turned off during t as well as the
waiting time between experiments. Observation is accomplished with a
simple 1 3C 9go pulse with decoupling. The absence of nylon signal
growth in spite of strong PBT signals indicates that 13C Spin diffu-
sion is not observable between the nylon and PBT. That nylon and PBT
are therefore phase separated into large domains does not automatic-
ally follow (see Figure 23).
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Figure 23

50 MHz 1 3 C spectra and difference spectra of Sample G for various
delay times t in a TIC experiment following the method of Torchia et
al (reference 29). The broader nylon aliphatic resonaces lose most
of their intensity in is (see the 'A-B' difference spectrum). the
crystalline (sharper) nylon and the PBT resonances have TIC's of
roughly 60s. The rapid relaxation of the non-crystalline nylon
carbons prevents observation of any significant spin diffusion
between nylon and PBT carbons in Figure 22.
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Figure 24

Idealized situations for distributing mobile protons, indicated by
dots, in a polymer blend of homopolymers 1 and 2. Sketches A,B and C
correspond to phase separated blends while D and E correspond to
polymers intimately blended on a molecular scale. The sketches rep-
resent the following situations: A - mobile protons in polymer 1
only; B and D - mobile protons excluded into void or defect regions;
C and E - mobile protons evenly distributed throughout the polymer
phase(s).

142



C\j

co'
bI

143



Figure 25

Expected growth rates for initially depleted polymer proton
magnetization. It is assumed that at t=O a mobile proton population
also exists with finite polarization. Then if spin diffusion between
the mobile and polymer protons is allowed to happen, an early growth
proportional to the square root of t will characterize those cases
like Figure 24 A,B and D whereas exponential growth, given by the
second curve, will describe cases like Figure 24C and E. The fact
that both curves have a rather large linear region in this plot makes
it difficult to differentiate the two mechanisms unless one has very
good data at early times.
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Figure 26

200 MHz proton lineshapes for the PBT/ABPBI composite, Sample L,
which was coagulated from an MSA solution above the critical concen-
tration for phase separation. This experiment monitors the proton
spin diffusion between the mobile proton species and the broader
polymer protons. The Hahn echo initially selecting the narrow compo-
nent had a 50 Vs separation between pulses. Equilibration is not yet
complete at 50 ms since this spectrum still has a detectable excess
of the narrow component when compared to the Mo spectrum and the fi-
nal difference spectrum. Note the 4X amplification factor in the
difference spectrum.
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Figure 27

200 HMz proton lineshapes for a monitoring of proton spin diffusion
in Sample L from the broader polymer protons to the mobile protons.
The generation of the magnetization gradient by a 10 ms spin locking
does not generate a sharp gradient as does the Hahn echo in Figure
26. Nevertheless, at 50ms, much of the equilibrium narrow proton of
the line has been regenerated, see the final three spectra.
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Figure 28

Plots of the behavior of the narrow-line intensity in Sample L ac-
cording to the data of Figures 26 and 27. Data are corrected for TIH
effects as described for Figure 19. The steeper slope of the decay
of the top curve relative to the growth in the lower curve is partly
a result of the fact that the spin lock preparation does not generate
sharp magnetization gradients at t=O. The disparate differences from
equilibrium of the two curves at 50 ms suggests that there may be a
small component of magnetization in the spin lock preparation which
resides in a larger domain. Certainly the uniform distribution of
the mobile species (see Figures 24C and E) can be dismissed on the
basis of these curves not being scaled mirror images of one another.
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Figure 29

200 MHz proton spectra for the PBT/ABPBI composite, Sample F. The
experiment is the same as that used in Figure 26 except the
separation between pulses in the Hahn echo was 25 us. Note the
preferential loss, by spin diffusion, of intensity on the downfield
side of the narrow resonance. the upfield side of the narrow line is
not well-coupled by spin diffusion to the polymer protons. the
asymmetric base of the difference spectrum also indicates that
equilibration of the downfield portion of the narrow line with the
polymer protons is not complete after 50 ms.
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Figure 30

200 MHz proton, spectra for composite Sample F. This spin diffusion
experiment is the same as that for Figure 27. There is only modest
growth with t of the downfield portion of the narrow component (see
the difference spectra on the right). This slow growth suggests that
the 10ms preparation has enhanced magnetization from those regions
which are relatively depleted of mobile protons. Moreover, the slow
rise of this magnetization indicates that Sample F has larger do-
mains, depleted of mobile protons, than does Sample L.
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Figure 31

Generation of free radicals in nylon-6 fibers as a function of

strain. Reproduced from reference 8.
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Figure 32

Change in molecular weight versus strain for nylon-6 fibers.
Reproduced from reference 8.
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ELECTRON SPIN RESONANCE
AFTECH 1

AS RECEIVED HEAT TREATED
I hr @ 150C
1.5 hr @ 180C
16 hr @ 205C

Figure 33a

Electron spin resonance spectrum of AFTECH 1 fibers before and after

thermal treatment.

157



ELECTRON SPIN RESONANCE
AFTECH 1

FRACTURED IN LIQUID NITOGEN

WARMED TO ROOM TEMPERATURE

Figure 33b

Electron spin resonance spectra of AFTECH 1 fiber fractured by
crushing under liquid nitrogen, and subsequently warmed to room
temperature.
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Figure 34a

Electron spin resonance spectrum of AFTECH 2 fibers before and after

thermal treatment and pulled to rupture subsequent to thermal

treatment.
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ELECTRON'SPIN RESONANCE
AFTECH 2

FRACTURED IN LIQUID NITOGEN

WARMED TO ROOM TEMPERATURE

Figure 34b

Electron spin resonance spectra of AFTECH 2 fibers fractured by

crushing under liquid nitrogen and subsequently warmed to room

temperature.
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ELECTRON SPIN RESONANCE
AFTECH I

EFFECT OF MECHANICAL OEFORMATION

RUPTURED

INTERMEDIATE

UNLOADED

Figure 35

Effect of mechanical deformation on the ESR spectrum of AFTECH 1

fiber that had been thermally treated.
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Figure 36

Solid state fluorescence (dashed curve) and excitation (solid curve)
spectra of poly (2,5(6) benzothiazole), ABPBT, fibers. The wave-
length of the excitation radiation for the fluorescence spectrum was
515 nm and the intensity of the excitation spectrum was monitored at
585 nm.
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Figure 38

Solid state fluorescence spectra of poly (2,506) benzothiazole),

ABPBT, fibers, as received (dashed curve), precipitated from MSA and

exposed to concentrated HCL solution (middle spectrum) and precipi-

tated from MSA and exposed to HCL vapor for 15 minutes (bottom spec-

trum).
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Curve) spectra of poly (p-phenylene-bisbenzothiazole), PBT, precipi-
tated from MSA. The emission spectrum was obtained with 503 nm
excitation radiation, and the intensity of the excitation spectrum
was monitored at 577 nm.
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,Figure 42

Solid state fluorescence (dashed curve) and excitation (solid curve)
spectra of a molecular composite of poiy (p-phenylene-
bisbenzothiazole), PBT, and nylon. The emission spectrum was
obtained with 521 nm excitation and the intensity of the excitation
spectrum was monitored at 608 nm.
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Figure 43

Diamond anvil pressure cell.
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Figure 44

Flat plate x-ray diffraction patterns obtained with dope.
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Figure 45

Energy dispersive x-ray diffraction pattern obtained with dope
at 12,700 atm.
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